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SIGNALS OF HUMAN OPERATOR STATE 

A. N. Luk'yanov and M. V .  Frolov 

This book i s  dedicated t o  r e s u l t s  o f  q u a n t i t a t i v e  processing o f  
measurements o f  e l e c t r i c a l  a c t i v i t y  o f  t h e  b r a i n ,  i n t o n a t i o n  color ing o f  
speech and a number o f  v e g e t a t i v e  funct ions c h a r a c t e r i s t i c  f o r  t h e  s t a t e  o f  
a c t i v e  a t t e n t i o n  and emotional stress i n  man. These d a t a  a r e  necessary f o r  
o b j e c t i v e  t e s t i n g  o f  t h e  s ta te  o f  man performing con t ro l  func t ions ,  and f o r  
determination of  h i s  r e l i a b i l i t y  under d i f f i c u l t  (emergency) s i t u a t i o n s .  
In  add i t ion  t o  t h e  information produced i n  model psychophysiological 
experiments, t h e  book con ta ins  a d e s c r i p t i o n  o f  methods of processing 
s i g n a l s  recorded. 

The book is  designed f o r  p h y s i o l o g i s t s ,  p sycho log i s t s ,  doc to r s ,  
engineers ,  working i n  t h e  a r e a  o f  t h e  psychophysiology of  l abor  and s p o r t s .  
Eighty i l l u s t r a t i o n s ,  f i v e  t a b l e s ,  105 b ib l iog raph ic  r e fe rences .  
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From t h e  Authors 

This book p resen t s  an a n a l y s i s  o f  t he  r e s u l t s  of i n v e s t i g a t i o n s  of  /3*-
speech and e l ec t rophys io log ica l  s i g n a l s  as app l i cab le  t o  s ta tes  of a t t e n 
t i o n  and emotional s t r e s s  of ope ra to r s .  Also, methods are presented f o r  
processing, and a number of t h e  r e s u l t s  produced can b e  used t o  evaluate  
o t h e r  human states.  Where p o s s i b l e ,  w e  have attempted t o  p re sen t  formulas 
and recommendations convenient �or  d i r e c t  p r a c t i c a l  u t i l i z a t i o n .  The book 
does no t  analyze problems r e l a t e d  t o  evaluat ion of  t h e  s t a t e  o f  an ope ra to r  
on t h e  b a s i s  o f  a set  of s i g n a l s .  The r eade r  can acquaint  himself with 
some information from t h i s  area i n  o t h e r  works: R.  S .  Dadashev, 
Y e .  N. Murashov, "The P o s s i b i l i t y  of  Solving t h e  Problem of  Diagnosis o f  
t h e  Functional S t a t e  of  Man Using Computers," i n  t h e  book CheZovek i 
Avtomat [Man and Automaton] (Nauka Press, 1965); D. Louli ,  A.  Maxwell, 
Faktornyy AnaZiz Kak S t a t i s t i c h e s k i y  Metod [ F a c t o r i a l  Analysis A s  a 
S t a t i s t i c a l  Method] (Mir P r e s s ,  1967); G .  S. Sebest ian,  Protsessy Pri
nyatiya Resheniy p r i  Raspoznavanii Obrazov [Processes of Decision-Making i n  
P a t t e r n  Recognition] (Kiev, Tekhnika Press ,  1965). 

The authors  are deeply g r a t e f u l  t o  Professor ,  Doctor of  'l'c-clinical 
Sciences F. Ye. Temnikov and Doctor of  Medical Sciences 1'. V .  Simonov f o r  
t h e i r  c r e a t i v e  he lp  and unflagging i n t e r e s t  i n  our  work. We express our 
deep g r a t i t u d e  t o  Candidate o f  Technical Sciences Yu. A.  Tolpyshkin, 
Candidate o f  Technical Sciences V. G. Kononov, Candidate o f  Biological  
Sciences M .  N .  Valuyeva, Engineers I .  V.  Andreyev and I .  S .  Ivanov f o r  
t h e i r  valuable  advice i n  d i scuss ion  of  quest ions presented i n  t h e  book, and 
t h e i r  p r a c t i c a l  h e l p  i n  preparing t h e  manuscript f o r  t h e  p r e s s .  We 
cons ide r  i t  our  duty t o  express  our g r a t i t u d e  t o  Candidate of Technical / 4
Sciences V .  A .  Afonin and Candidate o f  Pedagogic Sciences Ye. Yu. A r t e 
m'yev f o r  e d i t i n g  t h e  manuscript and f o r  t h e  u s e f u l  suggest ions made a t  
t h a t  t i m e .  

. . .  . . . .  . . . - ~ ~

* Numbers i n  t h e  Margin i n d i c a t e  paginat ion i n  t h e  f o r e i g n  text-.. 
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I n t  roduct ion 

T h e  Problem o f  Dynamic Observation o f  Operator S t a t e  

Modern technology, so broadly extending man's con t ro l  over h i s  
environment, a t  t h e  same t i m e  has placed new and increased demands on h i s  
labor .  The r e l i a b i l i t y  of t h e  "human l ink" has  become one of t h e  dec i s ive  
f a c t o r s  i n  t h e  e f f e c t i v e  u t i l i z a t i o n  o f  va r ious  con t ro l  systems. The 
s t r u g g l e  f o r  f a i l u r e - f r e e  funct ioning of  t h i s  l i n k  i s  conducted i n  t h r e e  
main d i r ec t ions .  F i r s t  of a l l ,  along t h e  l i n e  of organizing t h e  work o f  
t h e  opera tor  so as t o  correspond t o  t h e  maximum t o  t h e  psychophysiological 
c a p a b i l i t i e s  of man, h i s  c a p a c i t i e s  f o r  rece iv ing  and processing incoming 
s i g n a l s  i n t o  ac tua t ing  commands. The complex range of  problems of t h i s  
type i s  one of  t h e  p r i n c i p a l  sub jec t s  of s tudy  f o r  engineering psychology. 
The second condi t ion o f  e f f e c t i v e  p a r t i c i p a t i o n  of  man i n  "man and machine'' 
systems i s  t h e  degree o f  h i s  t r a i n i n g  f o r  t he  a c t i v i t y  before  him, improve
ment of  t r a i n i n g  methods, t h e  search f o r  optimal volumes of  t r a i n i n g  
exerc ises  and d r i l l s .  F ina l ly ,  considerable  a t t e n t i o n  i s  given t o  
profess iona l  s e l e c t i o n  of  persons most s u i t e d  f o r  t h i s  type of  a c t i v i t y .  
The ind iv idua l  s p e c i f i c s  o f  t h e  nervous system, t h e  r a p i d i t y  and accuracy 
of r eac t ions ,  emotional s t a b i l i t y ,  s e l f - con t ro l  during c r i t i c a l  s i t u a t i o n s  
can be determined t o  a c e r t a i n  ex ten t  before  t h e  ope ra to r  takes  h i s  p lace  
a t  t h e  con t ro l  panel .  

S t i l l ,  p r a c t i c e  has  shown t h a t  none of  t hese  methods e l imina tes  t h e  
necess i ty  o f  dynamic observat ion of  t h e  s t a t e  o f  t h e  opera tor  during the  
process  o f  h i s  work, p a r t i c u l a r l y  i f  w e  are concerned with a c t i v i t y  where 
even a b r i e f  decrease i n  r e l i a b i l i t y  of  t h e  "human l ink"  can lead t o  
dramatic consequences. Human s t a t e s  can be divided i n t o  two l a r g e  groups. 
One includes those  states which p r a c t i c a l l y  exclude t h e  ope ra to r  from t h e  
c o n t r o l  process ,  form a c l e a r  break i n  t h e  prev ious ly  closed c i r c u i t  
( s leep ,  extreme f a t i g u e ,  l o s s  o f  consciousness).  When states of t he  second 
type (s t rong emotional stress, d i s t r a c t i o n  of  a t t e n t i o n )  a r i s e ,  t h e  oper
a t o r  continues t o  p a r t i c i p a t e  i n  t h e  cont ro l  process ,  although h i s  
a c t i v i t i e s  become less e f f e c t i v e ,  t h e  t h r e a t  of missing s i g n i f i c a n t  
s i g n a l s  and t h e  appearance of fa lse ,  nonmotivated commands arises. I t  
i s  t h i s  second type o f  s t a t e  which i s  t h e  sub jec t  of  t he  inves t iga t ion  
whose r e s u l t s  are t h e  sub jec t  of  t h i s  present  r e p o r t .  

Before going over t o  t h e  problem of  t h e  p o s s i b i l i t y  of ob jec t ive  
diagnosis  of  emotional s t r e s s  and a t t e n t i o n  i n  humans, we must give 
a t  least  a b r i e f  cha rac t e r i za t ion  of t h e  na ture  o f  t hese  two s ta tes .  
We assume t h a t  t h e  phys io logica l  b a s i s  o f  emotions i s  a c t i v i t y  of  a 
s p e c i a l  nervous apparatus ,  compensating i n  t h e  process  of adapt ive 
behavior for a d e f i c i t  o f  information necessary f o r  organiza t ion  of 
ac t ions  t o  s a t i s f y  t h e  e x i s t i n g  demands (Simonov, 1965a, 1966a, b ) .  

v i  
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The p r i n c i p a l  p o i n t s  of t h e  ! 'informational concept of  emotions'' can be 
formulated i n  t h e  following f i v e  s ta tements .  

1. Emotions i n  t h e  n a t u r a l  sense of  t h i s  term ( f e a r ,  j oy ,  alarm) are 
d i f f e r e n t  	i n  p r i n c i p l e  from t h e  so -ca l l ed  emotional tone o f  s ensa t ions  
(pain,  contact  s a t i s f a c t i o n ,  e t c . ) ,  so  t h a t  t h e  emotional tone c a r r i e s  
w i th in  i t s e l f  some s i g n i f i c a n c e  concerning t h e  s u b j e c t ,  while emotions 
ar ise  as a r e s u l t  o f  p rognos t i c  evaluat ion o f  t h e  s i t u a t i o n .  

2. Emotions are n o t  r educ ib l e  t o  human demands o r  t o  ac t ions  designed 
t o  s a t i s f y  them. 

3 .  There i s  a q u a n t i t a t i v e  dependence of  t h e  degree of emotional 
stress on t h e  demands and t h e  d i f f e r e n c e  between t h e  information prog
n o s t i c a l l y  necessary and a v a i l a b l e  a t  t h e  given moment i n  t h e  sub jec t .  
This  dependence can be  represented i n  t h e  form o f  t h e  ru le  E = -D(In-Is) 
where E i s  t h e  emotion, - D  is  t h e  demand, In i s  t h e  information prognostic-
a l l y  necessary f o r  o rgan iza t ion  of  ac t ions  t o  s a t i s f y  t h e  given demand, and 
Is i s  t h e  information a c t u a l l y  a v a i l a b l e  t o  t h e  s u b j e c t .  We emphasize, 
t h a t  he re  and i n  t h e  following t h e  term "information" i s  used consider ing 
i t s  pragmatic meaning, which can be  def ined as t h e  change i n  p r o b a b i l i t y  of  
achieving a purpose due t o  t h e  r e c e i p t  of a message (Kharkevich, 1960). 
The co r rec tness  of t h e  r u l e  formulated above can be  experimentally proven 
whenever t h e  degree of emotional s t r e s s ,  magnitude o f  demand and d e f i c i t  
(or excess) of  pragmatic information can b e  q u a n t i t a t i v e l y  evaluated.  

4. Necessary and p o s s i b l e  a c t i o n s  are compared no t  only i n  t h e  
process of performance o f  t h e  l a t t e r  (Anokhin, 1964), bu t  be fo re  any ac t ion  
i n  t h e  purely informational  plane on t h e  b a s i s  o f  " p r o b a b i l i s t i c  p red ic 
t ion"  (Feygenberg, 1963). Since t h e  p r e d i c t i o n  may not  correspond t o  
t h e  information o b j e c t i v e l y  s u f f i c i e n t  f o r  achievement of  a purpose, t h e  
emotional r e a c t i o n  n e c e s s a r i l y  t akes  on a s u b j e c t i v e  cha rac t e r .  

5. P o s i t i v e  emotions a r i s e  as a r e s u l t  of a n e x c e s s  of t h e  a v a i l a b l e  
information (information received)  over t h a t  p red ic t ed  by t h e  sub jec t ,  i . e .  
when Is i s  g r e a t e r  t han  I n .  The temporary excess of  pragmatic information 
appearing i n  a s i t u a t i o n  and t h e  p o s i t i v e  emotions s t i m u l a t e  t h e  ope ra to r  
t o  set  a new goal ,  no t  looking ou t  over t h e  "information dese r t . "  Thus, 
t h e  compensatory s i g n i f i c a n c e  o f  nervous mechanisms o f  t h e  emotions i n  t h e  
process of t h e  e n t i r e  adapt ive behavior o f  higher  l i v i n g  organisms i s  seen.  
once more. 

The a p p l i c a b i l i t y  i3f "information conceptsll t o  eva lua t ion  o f  
emotional stress a r i s i n g  i n  t h e  process  o f  l abor  a c t i v i t y  has  been 
demonstrated i n  s t u d i e s  bo th  o f  comparatively elementary motor s k i l l s  
(Simonov, 1966b), and of  complex a c t i o n s  of p i l o t s  i n  emergency s i t u 
a t i o n s  (Yankelevich, 1965). Modifying our  r u l e ,  B. M. Yankelevich 
introduced a number of  c l a r i f y i n g  c o e f f i c i e n t s .  One of  t h e s e  c o e f f i 
c i e n t s  determines t h e  degree of danger through t h e  p r o b a b i l i t y  o f  an 
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acc iden t ,  i . e .  through t h e  r a t i o  of t h e  number of  acc iden t s  known t o  t h e  
p i l o t  t o  t h e  t o t a l  number o f . f l i g h t s  o f  t h i s  type. 

Many experiments using animals and p r e c i s e  psychological i nves t iga 
t i o n s  have i n d i c a t e d  t h e  dependence o f  t h e  success  o f  performance o f  a t a s k  
on t h e  degree o f  emotional stress (Jerks-Dodson r u l e ) .  Inves t iga t ions  have 
shown t h a t  f o r  each type o f  a c t i v i t y  t h e r e  i s  a c e r t a i n  optimum of  
emotional stress, during which t h e  r eac t ions  are most h igh ly  pe r fec t ed  and 
e f f e c t i v e .  Decreasing t h i s  emotional tone as a r e s u l t  of low demands o r  
complete information on t h e  sub jec t  (monotonous, s t e r eo typed  ac t ions )  leads 
t o  dreaming, l o s s  o f  a t t e n t i v e n e s s ,  missing o f  s i g n i f i c a n t  s i g n a l s  and 
delayed r e a c t i o n s .  On t h e  o t h e r  hand, extreme emotional s t r e s s  disorgan
i z e s  a c t i v i t i e s ,  complicates tendencies t o  untimely r e a c t i o n s ,  t o  r eac t ions  
t o  extraneous and i n s i g n i f i c a n t  s i g n a l s ,  t o  p r i m i t i v e  ac t ions  such as 
b l i n d  search by t h e  t r i a l  and e r r o r  method. This i s  t h e  reason dynamic 
observat ion of t h e  degree o f  emotional stress o f  an ope ra to r  can a i d  i n  
p r e d i c t i n g  poss ib l e  worsening of  h i s  working a b i l i t y  before  it i s  r e f l e c t e d  
i n  t h e  con t ro l  i t s e l f .  

The second s t a t e  o f  i n t e r e s t  t o  u s  a t t e n t i o n  can be de f ined  as 
t h e  s e l e c t i v e  (narrowed) r ead iness  o f  t h e  b r a i n  f o r  c e r t a i n  r e a c t i o n s  t o  
s t r i c t l y  def ined s i g n a l s .  This s t a t e  i s  cha rac t e r i zed  by: a )  i n h i b i t i o n  
(blocking) of  s i g n a l  channels en te r ing  t h e  b r a i n  with t h e  exception o f  t h e  
channel through which t h e  most s i g n i f i c a n t  s i g n a l s  a r e  expected o r  a r r i v e ;  
b) 	an inc rease  i n  t h e  s e n s i t i v i t y  o f  t h e  analyzer  f o r  t h e  s i g n i f i c a n t  
s i g n a l s ;  c) an inc rease  i n  t h e  readiness  o f  t h e  a c t u a t o r  apparatus f o r  
r eac t ions  t o  t h i s  s i g n a l ,  which i s  manifested as a shortening o f  t h e  l a t e n t  
pe r iods .  

The i n t e g r a l  of a l l  t h e s e  changes (degree of  i n h i b i t i o n  o f  secondary 
channels, degree of i nc rease  of s e n s i t i v i t y  o f  v i s u a l  , aud i to ry  o r  o t h e r  
analyzer ,  degree of decrease i n  r eac t ion  time) can be looked upon as a 
measure o f  t h e  degree of  a t t e n t i o n ,  as a measure o f  i t s  i n t e n s i t y ,  s t r e s s ,  
r e s i s t a n c e  t o  d i s t r a c t i n g  f a c t o r s .  In o t h e r  words, i f  t h e  ope ra to r  does 
not miss s i g n i f i c a n t  s i g n a l s  ( i s  not  d i s t r a c t e d ) ,  bu t  r e a c t s  t o  them 
r a p i d l y  and c o r r e c t l y ,  we can say t h a t  he has a high degree o f  a t t e n t i o n .  
However, i f  he i s  d i s t r a c t e d ,  reacts slowly, makes e r r o r s ,  we can say t h a t  
h i s  l e v e l  of a t t e n t i o n  i s  low, i f  t h e  degree of  t r a i n i n g  of  t h e  ope ra to r  
f o r  t h e  given a c t i v i t y  i s  equivalent  i n  both cases .  

Doubtless, a t t e n t i o n  depends on t h e  s i g n i f i c a n c e  of t h e  s i g n a l s ,  t h e i r  
value,  which we w i l l  d e f i n e  as t h e  change i n  t h e  p r o b a b i l i t y  of  achieving 
t h e  goal  ( s a t i s f a c t i o n  o f  demands), r e s u l t i n g  from t h e  r e c e i p t  of  t h e  
given message. This dependence of a t t e n t i o n  on t h e  demand and value o f  
s i g n a l s  expected, common f o r  a t t e n t i o n  and emotions, drawing t h e s e  two 
s t a t e s  c l o s e r  t oge the r ,  f r equen t ly  masks t h e  d i f f e r e n c e  between them. 
However, emotion i s  always a func t ion  of t h e  pragmatic unce r t a in ty ;  
emotion i s  s t ronge r ,  t h e  less t h e  information t h e  operator  has as t o  
how he should s a t i s f y  t h e  demands being presented t o  him. In  c o n t r a s t  
t o  emotion, a t t e n t i o n  i s  more concentrated,  more narrow, t h e  f u l l e r  

-


v i i i  
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t h e  information as t o  where, when and how t h e  s i g n a l s  should appear, how 
and when t h e  operator  should react t o  i t .  

Like any s t e reo type ,  t h e  s ta te  of a t t e n t i o n  has i t s  d e f i c i e n c i e s :  t h e  
tendency t o  automatization, s luggishness ,  i n e r t n e s s ,  minimization o f  energy 
expendi tures ,  e tc .  Therefore,  t h e  i d e a l  working s t a t e  f o r  a human ope ra to r  
should include a combination o f  a t t e n t i o n  with a c e r t a i n  l e v e l  o f  emotional 
e x c i t a t i o n ,  i . e .  with elements o f  pragmatic unce r t a in ty  introduced t o  t h e  
s i t u a t i o n  (Menitskiy, 1966). 

In  con t r a s t  t o  t h e  concentrated a t t e n t i o n ,  emotion i s  cha rac t e r i zed  by 
r ead iness  t o  react t o  a broad range of  presumed s i g n i f i c a n t  s i g n a l s  ( i n  i t s  
extreme man i fe s t a t ion  t o  any s i g n a l s :  "The burnt  c h i l d  dreads t h e  
f i r e " ) .  Emotion converts a t t e n t i o n  t o  v i g i l a n c e .  The weak s i d e  of 
v i g i l a n c e  is  t h e  danger of fa l se  r 'eaction t o  an i n d i f f e r e n t  ( i n s i g n i f i c a n t )  
s i g n a l .  The weak s i d e  o f  automatized, narrow a t t e n t i o n  i s  t h e  danger o f  
missing a s i g n i f i c a n t  s i g n a l  ( t he  ope ra to r  may become d i s t r a c t e d  o r  dreamy 
while wa i t ing ) .  Concentrated a t t e n t i o n  causes r a p i d  f a t i g u e .  Exc i t a t ion  
of  narrowly tuned nervous s t r u c t u r e s  i s  soon replaced by t h e i r  i n h i b i t i o n ,  
which leads e i t h e r  t o  predominance o f  t h e  a c t i v i t y  of o t h e r  nerve elements 
( d i s t r a c t i o n  of a t t e n t i o n )  o r  t o  general  mental fatigue (drowsiness).  
Emotional e x c i t a t i o n ,  on t h e  one hand, causes t h e  a t t e n t i o n  t o  become / 9
broader (v ig i l ance ) ,  and on t h e  o t h e r  hand inc reases  t h e  general  tone of  
t h e  b r a i n .  

Thus, a t t e n t i o n  causes t h e  b r a i n  t o  decrease t h e  number of e f f e c t i v e  
s i g n a l s  ( s igna l s  received and processed, causing a r e a c t i o n ) ,  while emotion 
causes t h e  number of t h e s e  s i g n a l s  t o  inc rease .  The optimum s t a t e  involves 
a combination of  t h e s e  two oppos i t e  tendencies ,  t h e  i n t e r a c t i o n  of which is  
shown schematical ly  on Figure 1. 

Changes i n  t h e  d i sc r imina t ing  capaci ty  o f  t h e  b r a i n  have been t h e  
sub jec t  of  systematic  experiments conducted by L .  D. Chaynova (1965). She 
showed t h a t  as h a b i t s  become f ixed ,  r e a c t i o n  ra tes  inc rease  t o  a c e r t a i n  
ex ten t  due t o  minimization o f  t h e  a n a l y s i s  of  t h e  input s i g n a l .  This 
r e s u l t s  i n  a danger o f  a decrease i n  t h e  d i f f e r e n t i a t i n g  capaci ty ,  t h e  
appearance of f a l s e  alarms. P rec i se  a n a l y s i s  of  s t i m u l i  r e q u i r e s  a 
d e f i n i t e  c h a r a c t e r i s t i c  o f  t h e  s t a t e  o f  a t t e n t i o n ,  involving s p e c i a l  
t r a i n i n g .  

The degree o f  emotional stress and a t t e n t i o n  can be  judged p r imar i ly  
on t h e  b a s i s  of t h e  r e s u l t s  of  ac t ions .  C lea r ly ,  t h i s  judgment, although 
q u i t e  s u i t a b l e  i n  t h e  process  of  t r a i n i n g  o r  s e l e c t i v e  t e s t i n g ,  i s  not  
h igh ly  app l i cab le  t o  s i t u a t i o n s  where ope ra to r  e r r o r s  can lead t o  very 
s e r i o u s  r e s u l t s .  A second method o f  eva lua t ing  t h e  s t a t e  o f  t h e  ope ra to r  
c o n s i s t s  of  sending t e s t  s i g n a l s  i n  p a r a l l e l ,  i n  measuring a c t i o n s  i n  

t h e  con t ro l  of t h e  regulated ob jec t .  We have i n  mind a l l  s o r t s  o f  

tests which p e r i o d i c a l l y  appear aga ins t  t h e  background o f  t h e  primary 

opera to r  a c t i v i t y  and r e q u i r e  va r ious  response r e a c t i o n s .  This s o r t  o f  /10 

a c t i v i t y  t e s t i n g  makes it p o s s i b l e  t o  d e t e c t  decreases  i n  t h e  r e l i a b i l i t y  
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Figure 1 .  Nature of t h e  

Dependence of Errors  on 

Human Operator S ta t e .  

S ,  Operator s t a t e ;  N

9' 
Quan


t i t y  o f  s i g n i f i c a n t  s igna l s  

m i s s e d ;  N Number of f a l s e  


P '  
reac t  ions to  i n s  i g n  i f  icant  
s i g n a l s ;  N ,  Total  number of 
e r r o r s ;  (N = N 

P 
+ N q )  

o f  t h e  ope ra to r  and provide t imely 
reassignment of  h i s  func t ion  t o  a 
s u b s t i t u t e  (back-up device) o r  determin
a t i o n  o f  t h e  requi red  changes i n  t h e  
opera t ing  regime (volume and ra te  o f  
information flow, time given f o r  dec is ion-
making, e t c . )  t o  correspond t o  t h e  s ta te  o f  
t h e  opera tor .  However, e s s e n t i a l  d e f e c t s  
i n  t h i s  method are obvious. 

F i r s t  o f  a l l ,  t h e  t e s t  s i g n a l s  
f r equen t ly  d i s t r a c t  t h e  opera tor  from i t s  
main a c t i v i t y ,  d i s tu rb ing  him and c r e a t i n g  
an a d d i t i o n a l  load.  Secondly, t h e  knowl
edge t h a t  of  t h e  s i g n a l s  a r r i v i n g  only a 
c e r t a i n  percentage are a c t u a l l y  important 
f o r  t h e  con t ro l  func t ion  c r e a t e s  a complex 
psychological s i t u a t i o n  i n  which t h e  
r e s p o n s i b i l i t y  f o r  a c t i o n  i s  decreased 
( a f t e r  a l l ,  some of t h e  r eac t ions  are only 
t e s t ,  "game" r e a c t i o n s ) .  F ina l ly ,  t h e  
responses t o  t h e  t e s t  s i g n a l s  , being 
a r b i t r a r y ,  undergo t h e  inf luence  of t h e  
i n t e n t i o n a l  e f f o r t s  o f  t h e  ope ra to r ,  
sometimes masking h i s  t r u e  s t a t e .  A t  t h e  
c o s t  of mobi l iza t ion  o f  a l l  h i s  e f f o r t s ,  
t h e  opera tor  w i l l  be  ab le ,  up t o  a c e r t a i n  
moment, t o  react e f f e c t i v e l y  not only t o  
t h e  "main," but  a l s o  t o  t h e  "test" s i g n a l s ,  
although h i s  func t iona l  s t a t e  has  a l ready 
gone beyond t h e  l i m i t s  of optimal working 
a b i l i t y .  If t h e  t e s t  s i g n a l  does not  

react,  t h e  te rmina t ion  of compensation- may be so  sudden t h a t  it cannot be 
foreseen and prevented. 

A l l  o f  t h i s  s t imu la t e s  us  t o  t u r n  our  a t t e n t i o n  t o  t e s t i n g  using 
involuntary changes i n  physiological  ope ra to r  func t ions ,  ob jec t ive ly  
recorded during t h e  process  of  h i s  ope ra to r  a c t i v i t y .  Various symptoms of 
emotional stress and a t t e n t i o n  descr ibed i n  t h e  l i t e r a t u r e  are presented i n  
Table 1. We can see t h a t  t h e  se t  of  t h e s e  symptoms i s  not  as broad as the  
engineering psychologi'st would l i k e ,  p a r t i c u l a r l y  consider ing t h a t  many 
of t h e  ind ica to r s  ( fo r  example, changes i n  t h e  chemical composition o f  
t h e  blood o r  u r ine )  are p r a c t i c a l l y  inaccess ib l e  f o r  observat ion during' 
t h e  process of  opera tor  a c t i v i t y .  However, s t i l l  more d i f f i c u l t i e s  
ar ise  t o  h inder  t echn ica l  r e a l i z a t i o n  o f  t h e  automatic  t e s t i n g  system. 

In t h e  inves t iga t ions  o f  psychophysiologis ts ,  i n  works on profess iona l  
s e l e c t i o n ,  eva lua t ion  of  t h e  e lec t rophys io logica l  and vege ta t ive  changes 
i s  genera l ly  performed by a s p e c i a l l y  t r a i n e d  person (doctor ,  psychol
o g i s t )  on t h e  b a s i s  of h i s  experience,  observat ions and i n t u i t i o n .  The 
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TABLE 1 .  OBJECTIVELY RECORDED S IGNALS DURING EMOTIONAL REACTIONS AND THE STATE OF 


Physiological Indicator 

Electrical activity of the brain 
Ele.ctroenceph~loSr3mwit11 
surface leads 

j Negative Positive 

1 
;Dcprcssion ( i n  many cases - - exul-! kinforcement of 8 

, rat  ion) of o rhythm , r ciiih r cciiienyi rhythm 

i o f  8 r1;gtiim witliin 4-7 Hz rar.2.: 

~ alld I;igh-frequeilcy 6 -activitY; ;I 


ATTENTION I N  MAN 

I Emotional Reactions 
, ___ ______. . . 'i 

dlectroencephalograin with leads :Tapered oscillations in hippocampus
from deep structures :a i d  amygdaloid nucleus 

Level of COnStant potential with 
leads froin deep structures 

Responses caused 
P. 

Electrical phenomena in  shin 
Fluctuations of potential 
Change in resistance to external 
ciirrent 

IHeart rhythm 

Overall blood pressure 

Respikation 

Main reflexes 

Pupil diameter 

;Oscillations in level stronger, the !Change less stable [he 
i stronger the emotional reaction ,more negative the 
I of the subject eino [ions. 

I 


I I 

1 id !.
ihlaniiest with unexpected inputs ;, 
iI Decrease in  resistance 7 

1 I 

i Increase, less frequently decrease iIncrease in  rate 
in pulse rate i 
Increase I Increase, lagging behind 

lnegative emotions 
'Change in  frequency, deprh, foim and relationship between 

i duration of inhalation and exhalation 

I 
Primarily expanded~ 

Quiet Attcntion 

1 Tendency to depression 
/'of a rhythm 

IIncrease in  amplitude, change 
in composition and manifestation 
of components' 

I 

iTendency to decrease and 
: stabilization
I 

I 
I

I

i 
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TABLE 1 .  (Continued) 

Emotional Reactions 
Physiological Indicator 

1-
I 

Negative 1 Positive 

I ! 
Reaction of musculature 

Stress of skeletal muscles 

Tremor 
Smooth s'kin muscles 

Intonation of Speech 

Content of biolosicall active 
inateriais i n  the bloocY 

1 Fear -- increase i n  adrenalin and 

Content of biologically active 
materials in  urine 

Quiet Attention 

Increases moderately 



ava i l ab le  l i t e r a t u r e  conta ins  p r a c t i c a l l y  no q u a n t i t a t i v e ,  unambiguous d a t a  
on symptoms of emotions and a c t i v e  a t t e n t i o n  which could be  used t o  develop 
an automatic diagnosis  system. Comprehensive inves t iga t ion  and s t r i c t  
eva lua t ion  of  s i g n a l s  of  t h e  human ope ra to r  s ta te  is cu r ren t ly  a c e n t r a l  
problem i n  t h e  search f o r  means of t r u l y  ob jec t ive  t e s t i n g  o f  t h i s  s t a t e .  

/13The work of A. N. Luk'yanov and M.V. Frolov represents  one of t h e  -
first at tempts  t o  fill i n  t h i s  gap. Lased on a diagram of  t h e  combination 
of "man and machine" new i n  p r i n c i p l e ,  where t h e  inf luence  o f  man on t h e  
machine i s  considered with dynamic considerat ion of  t h e  reverse inf luence  
o f  machine on ope ra to r  (Simonov, Temnikov, 1965; Ivanov, Simonov, 1965; 
Luk'yanov, Frolov, 1966), they  present  a q u a n t i t a t i v e  eva lua t ion  of a 
number of ob jec t ive ly  recorded changes which cha rac t e r i ze  the  s t a t e  of 
rest, act ive a t t e n t i o n  and emotional stress i n  man. The i n i t i a l  da t a  were 
produced by t h e  authors  i n  experiments modeling c e r t a i n  aspec ts  of  
ope ra to r ' s  a c t i v i t i e s .  Changes i n  t h e ' e l e c t r i c a l  a c t i v i t y  of t h e  b r a i n ,  
sk in ,  pu lse  frequency and r e s p i r a t o r y  movements were recorded and pro
cessed. One i n t e r e s t i n g  and promising s i g n a l  was found t o  be t h e  
in tona t ion  c h a r a c t e r i s t i c  o f  t h e  speech. Doubtless, many problems touched 
upon i n  these  inves t iga t ions  r equ i r e  f u r t h e r  development. Nevertheless,  
t h e  r e s u l t s  produced can be used as  a good b a s i s  f o r  p r a c t i c a l  r e a l i z a t i o n  
of a system of dynamic observat ion of t h e  s t a t e  of t h e  human opera tor .  

Doctor o f  Technical Sciences,  

Professor  F .  Ye. Temnikov and 

Doctor of Medical Sciences 

P .  V. Simonov 


xiii 




-- 

CHAPTER 1 

THE HUMAN OPERATOR I N  THE C O N T R O L  SYSTEM 

ABSTRACT. T h i s  chap te r  presents  a broad overview of t h e  
problem of r e l i a b i l i t y  of  t h e  human operator  i n  t h e  control  
system. I t  i s  pointed out t h a t  human ope ra to r  r e l i a b i l i t y  
is maximal only a t  a c e r t a i n  i e v e l  of ope ra to r  s t r e s s ,  s t r e s s  
leve ls '  e i t h e r  too low o r  too h i g h  r e s u l t i n g  i n  a decrease 
of operator  r e l i a b i l i t y  and performance. Various methods 
of analyzing man-machine sys t ems ,  looking upon t h e  ope ra to r  
a s  t h e  c o n t r o l l i n g  o r  t h e  con t ro l l ed  element, a r e  b r i e f l y  
ana 1 yzed. 

Throughout t h e  h i s t o r y  o f  t h e  development o f  technology, t h e  p o s i t i o n  
o f  man i n  r e l a t i o n  t o  machines has been changing. For  many yea r s ,  machines 

/14 
were p r imar i ly  used t o  t ransform human energy, l i gh ten ing  physical  labor;  
man acted as t h e  source o f  energy. The primary func t ions  of  man i n  
r e l a t i o n  t o  technology were h i s  energy func t ions .  With t h e  development of 
t e c h n i c a l  progress ,  t h e  p o s i t i o n  o f  man i n  t h e  "man and machine" system has 
changed. The accumulation of  knowledge on t h e  funct ions of  t h e  human 
ope ra to r  have allowed u s  t o  c r e a t e  machines i n  which t h e  a c t i v i t y  of  t h e  
ope ra to r  has  been p a r t i a l l y  or completely replaced by semiautomatic and 
automatic devices.  The r o l e  of man has  become d i f f e r e n t ,  reduced t o  
observat ion and con t ro l  o f  t h e  work of  t h e  automated devices ,  and t h e  
performance of  p reven ta t ive  maintenance. With t h e  cons t ruc t ion  of  
e l e c t r o n i c  computers, l o g i c a l  automata and o t h e r  cybernet ic  devices ,  
designed t o  mechanize t h e  s o l u t i o n  o f  a number of  problems e a r l i e r  per
formed by man, thereby becoming an extension and reinforcement o f  h i s  b r a i n  
(Kopnin, 1964), t h e  p o s s i b i l i t i e s  o f  man increased s i g n i f i c a n t l y .  However, 
even i n  t h e s e  systems t h e  r o l e  o f  man remains as before:  c o n t r o l ,  
observat ion and i n  case o f  f a i l u r e  a c t i v e  i n t e r f e r e n c e .  Man performs 
another  r o l e  i n  systems designed f o r , o p e r a t i o n  with incomplete i n i t i a l  
information, under condi t ions i n  which t h e  hard programs are not  ab le  
t o  provide f o r  t h e  s o l u t i o n  o f  t h e  problems required.  In  systems with 
incomplete i n i t i a l  information, sometimes nondeterminis t ic  systems, man 
i s  one of t h e  p r i n c i p a l  l i n k s  o f  t h e  system, s i n c e  he is  capable o f  
making dec i s ions  i n  s i t u a t i o n s  which could not be  p red ic t ed ,  and i n  
s i t u a t i o n s  i n  which a v a i l a b l e  prepared s o l u t i o n s  cannot provide satis
f a c t o r y  r e s u l t s  f o r  t h e  operat ions.  

1 




i 

§l. Necessity of Testing of Operator State1. 

In nondeterministic systems, the functions of the human operator as a 
Link i n  the system can be  reduced t o  perception of and evaluation of 
incoming information with subsequent decision-making and output of commands 
fo r  actuation. The quali ty of performance of these demands by the human 
operator, which determine the  functional operation o f  the link, also 
defines the quality of functioning and, i n  the  f ina l  analysis, the reli
ab i l i t y  of the en t i re  system. The r e l i ab i l i t y  here is  taken t o  mean the 
capability of the system under cer ta in  operating conditions t o  re ta in  its 
characterist ics within l i m i t s  providing acceptable performance of the tasks 
f o r  which the system is designed. One possible means leading t o  an 
increase i n  re l iab i l i ty  is optimal matching of elements of machine design 
t o  the "parameters" o f  the human operator, effective distribution of 
fimctions between man and machine, optimal organization of the operator's 
ac t iv i ty  and, f inal ly ,  education, training and selection of operators fo r  
work i n  automatic control systems. 

I 
The participation of man i n  the "man and 

machine" complex unavoidably introduces the  

c-< 

L 

factor  o f  emotionality. Emotions have a varied 

I / - y and powerful influence on the  v i t a l  ac t iv i ty  of 
the organism: they mobilize the energetic 
resources, increase the functional capacities 
of the muscles, heighten the sens i t iv i ty  of 

9- receptors, increase the tone of the higher 
e segments of the brain, "open" the storehouse of 

subconscious memory t o  which w e  a t t r ibu te  the 
F i g u r e  2. Effective- finding of in tu i t ive  solutions. A t  the  same 
ness of Work (u )  A s  a t i m e ,  emotions help us t o  concentrate our 
Function of Emotional attention, suppressing secondary ac t iv i t ies  and 
Stress (e) for Work o f  the  demands on which they are based (Simonov, 
Varying Difficulty (r) 1966~) .  
(TI < T2 < T 3 )  

In addition t o  the posit ive influence of 
emotions on the ac t iv i ty  o f  the  organism, the  

negative effects of high levels o f  emotional stress are w e l l  known. These 
effects, expressed as  a reduction i n  the  functional state of the organism, 
appear most clearly with negative emotions i n  stress situations.  This 
factor  is  well i l lus t ra ted  by the Jerks-Dodson principle (Figure 2). 

In correspondence with the Jerks-Dodson principle (Jones, 1962), the  
effectiveness o f  work (u) i s  a function o f  emotional s t r e s s  (e): u = f(e) 
when r = const, where r is the  d i f f icu l ty  of the work being performed. It 
is  interesting t o  note tha t  �or a certain type of work (r = const], the  
effectiveness of performance reaches a maximum u = umax only a t  a certain 

level o f  emotional s t r e s s  e = eopt * A change i n  the emotional stress i n  

e i ther  direction from e resul ts  i n  a decrease i n  the effectiveness of 
opt 
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the work. I t  is not d i f f icu l t  t o  see from th i s  tha t  measures taken ea r l i e r  
t o  f ac i l i t a t e  an increase in the r e l i ab i l i t y  of the operator are somewhat 
s t a t i c ,  since they do not r e l a t e  t o  the current s t a t e  of  the operator (his 
attention, level of abi l i ty ,  emotional s t ab i l i t y ,  etc.) which i s  a char
ac t e r i s t i c  o f  the "man and machine" system which changes dynamically during 
the process o f  work itself. 

A second means is available f o r  increasing the r e l i ab i l i t y  o f  the 
"human operator" link, namely: tes t ing the s t a t e  of the operator during 
the process o f  work, primarily t e s t ing ,h i s  attention and emotional s t r e s s  
as the determining s ta tes  i n  the ac t iv i ty  of operators in  "man and machine" 
systems. 

Testing the s t a t e  of the operator using t e s t s  has a number o f  serious 
defects. Special test signals, the responses t o  which could characterize 
the s t a t e  of  the operator,  are a form of  outside "intervention" i n  h i s  
act ivi ty ,  dis t ract  h i s  attention and are hardly suitable f o r  unforeseen, 
emergency situations.  However, t h i s  is only one aspect of  the matter. 
Another, equally important aspect is  tha t  the arbi t rary motor reactions 
a t t r ac t  the attention o f  higher compensatory mechanisms, and disruption o f  
motor reactions may appear t o o  la te ;  it may immediately precede the 
c r i t i ca l  decrease i n  r e l i a b i l i t y  involving l o s s  o f  consciousness and 
complete fa i lure  o f  the control system. In th i s  sense, changes i n  the 
bioelectric act ivi ty  o f  the brain and vegetative functions have a number o f  
advantages: the i r  recording does not  complicate the  act ivi ty  o f  the 
operator, they are developed involuntarily and can be used as a timely 
signal of any decrease i n  operator r e l i ab i l i t y .  

91.2. Electrophysiological Testing 

In our analysis o f  the problem o f  tes t ing the operator's s t a t eL  we 
w i l l  base ourselves on the following position. Each s t a t e  o f  the human 
organism, representing a se t  o f  interrelated systems (central nervous 
system, cardiovascular system, etc.)  can be s e t  i n  correspondence t o  the 
values of the physiological parameters characterizing the act ivi ty  o f  these 
systems. If we know the mean values o f  physiological parameters f o r  each 
s ta te ,  we can use comparison of these values t o  the instantaneous s ta tes  t o  
determine which o f  the M possible s ta tes  corresponds t o  the instantaneous 
s ta te .  

For  a number of  reasons, direct  observation o f  changes i n  physio
logical parameters is d i f f icu l t ;  therefore, they are investigated using 

i s e s 
which are reflections of the bioelectrical  act ivi ty  o f  the systems o f  the 
organism, and are the resul ts  o f  conversion o f  changes i n  nonelectrical 
quantities t o  e lec t r ica l  quantities using special transducers. 
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t h e  i - t h  s ta te ;  H'
9 

is  t h e  number o f  components of t h e  q- th  e lectr ical  

s i g n a l .  In  t h e  gene ra l  case 

Aij i s  t h e  i - t h  s t a t e  of t h e  j - t h  system. 

Let us expand t h e  v-dimensional vec to r ,  wr i t i ng  it i n  t h e  form 

Then, t h e  i - t h  s t a t e  of t h e  whole organism .Ai i s  represented by a 
v-dimensional v e c t o r  

(1.2.1) 

where N i s  t h e  number o f  systems i n  t h e  organism being t e s t e d ;  

(1.2.2) 

1 2 i M
A s  a r e s u l t ,  each s t a t e  A. , A , ..., A , ..., A corresponds t o  i t s  own 

-tiv e c t o r  zl, g2, ..., x , ..., zM,t h e  coordinates  of which are components of 
t h e  e l ec t rophys io log ica l  s i g n a l s .  
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9 1 . 3 .  St ruc tu ra l  Diagram of "Man and Machine'' System w i t h  Control o f  
Functional S t a t e  o f  Human Operator 

The problem o f  o b j e c t i v e  t e s t i n g  and con t ro l  of  t h e  func t iona l  s t a t e  
of t h e  human ope ra to r  is  a very press ing  and complex problem. This  problem 
has been t h e  sub jec t  o f  many works which have descr ibed  t e s t i n g  and con t ro l  
of t h e  func t iona l  s ta te  of m a n  (so-cal led au tos t imula t ion)  performed by 
devices  which can be  reduced t o  s i n g l e  loop closed con t ro l  systems 
(Beschereva, Usov, 1960; Zhukov, 1963; Ivanov, Simonov, 1965; 
Walter, V. I . ,  Walter, W .  G . ,  1949; Shiptan,  1949; Hewlett ,  1951; 1951; 
Mullholland, Runnals, 1962; Dusaily, 1963; Mullholland, 1962, 1964, e t c . ) .  
One c h a r a c t e r i s t i c  f e a t u r e  of a system o f  t h i s  type  i s  t h a t  t h e  ob jec t  
con t ro l l ed  i s  man himself ,  while  cont ro l  o f  h i s  func t iona l  s ta te  and 
t e s t i n g  are performed by means of b i o e l e c t r i c a l  processes  accompanied with 
involuntary r eac t ions  o f  t h e  organism. The same p r i n c i p l e  can be  used t o  / I9-
t o  cons t ruc t  improved devices  with adapt ive p r o p e r t i e s  (Simonov, Temnikov, 
1965). 

One e s s e n t i a l  c h a r a c t e r i s t i c  of another  type o f  "man and machine" 
system is  t h e i r  cons t ruc t ion  according t o  a wel l  known diagram (Figure 3, 
4) i n  which man i s  no t  t h e  con t ro l l ed  ob jec t .  An example of  one such 
system might be b ioe lec t ron ic  pros theses ,  i n  which s i g n a l s  a r i s i n g  during 
voluntary  motor r eac t ions  are used (Korbinskiy e t  a l . ,  1961; Battye,  
Night ingale ,  Whi l l i s ,  1955). 

Both of t h e s e  types o f  systems have t h e i r  de fec t s .  Systems o f  t h e  
f irst  type,  designed f o r  i nves t iga t ion  of var ious  a spec t s  of t h e  func t iona l  
s t a t e  of man, are hard ly  s u i t a b l e  f o r  p r a c t i c a l  app l i ca t ion ,  s i n c e  man i s  
t h e  con t ro l l ed  ob jec t ,  c losed upon himself through a s p e c i a l  device,  thus  
forming a closed con t ro l  system without any e x i t  t o  t h e  ou t s ide  world, i n  
t h e  d i r e c t  sense of t h e  word. 

One defec t  of t h e  second type o f  system i s  i ts  f a i l u r e  t o  consider  
pe r tu rba t ions  ac t ing  on man a s  t h e  con t ro l l i ng  l i n k  i n  t h e  system, which 
can inf luence  t h e  r e l i a b i l i t y  of t h e  e n t i r e  system i n  an important way. 

In  t h i s  connection, t h e r e  i s  considerable  i n t e r e s t  i n  a combination of  
t h e  two types of  systems t o  a s i n g l e  "two-loopf1 system, which does not  
have t h e s e  de fec t s .  

One t y p i c a l  diagram of a "man and machine" system is  t h e  closed 
cont ro l  system (Fel'dbaum, Dudykin, Manovtsev, Mirolyubov, 1963) (see 
Figure 3).  Goal funct ion W a r r i v e s  at  t h e  c o n t r o l  l i n k  from without ,  
containing information on t h e  i n s t r u c t i o n s  given t o  t h e  system concerning 
t h e  requi red  na ture  of the  process being cont ro l led .  The form of  t h e  goal 
func t ion  i s  t h e  form of t h e  con t ro l  ( s t a b i l i z a t i o n ,  programmed con t ro l ,  
t r ack ing ) .  Under t h e  inf luence  of  pe r tu rba t ions  (noise)  Z,  t h e  cont ro l led  
process  may assume a cha rac t e r  o the r  than t h a t  def ined  by t h e  goal func
t i o n .  In  correspondence with information X concerning t h e  course o f  t h e  
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process  and t h e  goal funct ion,  t h e  c o n t r o l  l i n k  a p p l i e s  inf luence Y t o  t h e  
con t ro l  ob jec t ,  designed t o ' d e c r e a s e  t h e  dev ia t ion  r e s u l t i n g  from perturba
t i o n  Z. 

F i g u r e  3 (Explanation i n  Text) F i g u r e  4 (Explanation i n  Text) 

The diagram shown on Figure 3 does no t  consider pe r tu rba t ions-
czvZ 

@ 
) ac t ing  on t h e  con t ro l  l i n k ,  o r  t h e  in f luence  of t hese  per turba

t i o n s  on t h e  q u a l i t y  of con t ro l  o f  t h e  o b j e c t .  

Figure 4 shows t h e  c o n t r o l  l i n k  i n  expanded form, combining t h e  
a c t u a t o r  devices serving t o  a c t  on t h e  ob jec t  and t h e  measuring devices 
designed f o r  t ransmission o f  information concerning t h e  s t a t e  o f  t h e  
ob jec t  (human ope ra to r )  performing t h e  operat ion i n  correspondence with 
goal funct ion W. The c h a r a c t e r i s t i c s  of t h e  con t ro l  l i n k  i n  t h e  presence 
o f  a human ope ra to r  are  e s s e n t i a l l y  dependent o n  t h e  func t iona l  s t a t e  of t h e  
ope ra to r  (Vinogradov, 1958; Denisov, Kuzminov, Yazdovskiy, 1964; Kosilov, 
1957; Rubinshteyn, 1958; Gorbov, 1963; Furevich, Edel'man, 1965; Zarakov
sk iy ,  1966; Nebylitsyn, 1961; Lomov, 1966, e t c . ) , - r e s u l t i n g  from 
pe r tu rba t ions  o f  t h e  e x t e r n a l  (Z

4 
) and i n t e r n a l  (Z 

4 
) medium. Therefore,  i t  

seems t o  u s  t h a t  continuous cons ide ra t ion  o f  t h e  func t iona l  s t a t e  during 
con t ro l  of  t h e  process  X ,  r e q u i r e s  t h a t  t h e  diagram (Figure 3)  be 
supplemented and converted t o  a "two-looptt c losed con t ro l  system 
(Figure 5 ) .  In t h i s  system, t h e  f irst  "loop" i s  t h e  previous system 
(see Figure 3 ) ,  while t h e  second "loop" d i f f e r s  from t h e  f irst  i n  t h a t  t h e  
c o n t r o l l e d  o b j e c t  i s  t h e  o p e r a t o r  himself ,  and t h e  c o n t r o l l e d  process  i s  
h i s  func t iona l  s t a t e  (A) .  X 0 i s  t h e  information, c h a r a c t e r i z i n g  i n  some 

way t h e  func t iona l  s t a t e  of  t h e  ope ra to r  according t o  expression (1.2.1) , 
-tiand i s  represented i n  t h e  form X 0 = x ; Y 

@ 
i s  t h e  c o n t r o l l i n g  a c t i o n  on t h e  

ope ra to r ,  b r ing ing  him t o  t h e  required s ta te .  In  t h e  case o f  nonpermiss
i b l e  dev ia t ion  o f  t h e  func t iona l  s t a t e  from t h e  r equ i r ed  s ta te ,  a c t i o n  Y0,
depending on t h e  n a t u r e  o f  t h e  process  being c o n t r o l l e d  X e i t h e r  provides 
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glandular  s e c r e t i o n s ,  e t c . )  . Accessible  sources of information concerning 
t h e  s ta te  o f  t h e  human ope ra to r ,  as we have noted, include t h e  b i o e l e c t r i c  
processes:  t h e  electroencephalogram (EEG), t h e  electrocardiogram (EKG), 
t h e  electromyogram (EMG) , t h e  skin-galvanic  r e a c t i o n  (SGR) , e t c . ,  as w e l l  
as n o n e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  r e s p i r a t i o n ,  blood p res su re ,  body 
temperature,  speech, etc.  

I f  t h e  number of  p o s s i b l e  ope ra to r  s t a t e s  i s  l a rge ,  a l a r g e  number o f  
b i o e l e c t r i c a l  processes ,  s i g n a l  components and knowledge of  p r o b a b i l i t y  
c h a r a c t e r i s t i c s  of t h e  corresponding random processes may be  required.  In  
many cases, t h e  matter becomes p r a c t i c a l l y  impossible. Considering t h i s ,  
as well as t h e  fact  t h a t  one. o f  t h e  most important manifestat ions o f  
changes i n  t h e  concordance between mental processes and funct ions during 
t h e  course o f  human a c t i v i t y  i s  t h e  change i n  a t t e n t i o n  c h a r a c t e r i s t i c s ,  as 
w e l l  as t h e  fact  t h a t  d i f f e r e n t  ope ra to r s  withstand c r i t i ca l  condi t ions i n  
d i f f e r e n t  ways (Lomov, 1963), two c h a r a c t e r i s t i c  ope ra to r  s t a t e s  were taken 
f o r  i n v e s t i g a t i o n :  t h e  s t a t e  of  a t t e n t i o n  and t h e  s t a t e  o f  emotional 
stress. 

The p resen t  work i s  dedicated t o  t h e  i n v e s t i g a t i o n  and poss ib l e  
methods of  processing of  var ious s i g n a l  components c h a r a c t e r i s t i c  f o r  t h e s e  
s ta tes .  

We no te  i n  conclusion t h a t  t h e  methods o f  t e s t i n g  t h e  human ope ra to r  
s t a t e  analyzed can be extended t o  more complex cases  o f  human a c t i v i t y .  
(Miles, 1965; Morozov, 1967). 

/22 
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CHAPTER 2 

E X P E R I M E N T A L  METHODOLOGY 

ABSTRACT. The au thors  descr ibe  four  s e r i e s  of experiments 
which were undertaken t o  analyze t h e  in f luence  of emotion
a l i t y  and s t r e s s  on ope ra to r  e f f i c i e n c y .  T h e  exDeriments 
inc luded ' recept ion  of a l i g h t  s i g n a l ,  t h e  response b e i n g  t o  
press  a button immediately upon r e c e i p t  of t he  s i g n a l ,  t e s t 
i n g  a t t e n t i o n  s t a b i l i t y ;  s e l e c t i o n  of an audib le  s i g n a l ,  
cons i s t ing  o f  a s e r i e s  of  numbers, i n  which t h e  test s u b 
j e c t  was t o  recognize when a number was being repeated;  
search was v isua l  s i g n a l ,  involving recogni t ion o f  and 
counting of c e r t a i n  types of p a t t e r n s  on a p a t t e r n - f i l l e d  
s e c r r e ;  and e l e c t r o n  beam c o n t r o l ,  i n  which an e l ec t ron  
beam was t o  be  made t o  match a curve on a osc i l l o scope  
by. manual c o n t r o l .  

Based on t h e  works of Soviet  and fo re ign  s c i . e n t i s t s  (Anokhin, 1964, 
1966; Simonov, 1965a, b;  1966a, c; L ins ley ,  1960), we can devise  an 
approximate system descr ib ing  t h e  formation of t h e  s t a t e s  being i n v e s t i 
gated,  t h e i r  in f luence  on the  organism and on t h e  var ious  e lec t rophys io
l o g i c a l  processes  which cha rac t e r i ze  t h e  v i t a l  a c t i v i t y  o f  t h e  organism 
(Figure 6 ) .  

I I 

Memory Emotion 
+'Apparatus c--

Figure 6 (Explanation in Text)  

Above (see  In t roduct ion)  we noted t h a t  emotion i s  a func t ion  of  t he  
magnitude of demand and t h e  pragmatic d e f i c i t  o f  information.  Using t h e  
apparatus  of memory, conta in ing  information both inherent  and accumulated 
on t h e  b a s i s  of experience,  t h e  demand a r i s i n g  i n  t h e  organism (see 
Figure 6 ,  A) i s  transformed i n t o  a concrete  goa l .  Memory a l s o  contains  
information concerning necessary ac t ions  i n  regard t o  t h e  goa l ,  al lowing 
methods o f  s a t i s f a c t i o n  o f  t h e  demand t o  be p red ic t ed .  
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The compensatory mechanism o f  emotion is ac t iva t ed  when a comparison 
of  t h e  d i f fe rence  between information prognos t ica l ly  necessary and informa
t i o n  ava i l ab le  a t  t h e  moment (eva lua t ion  of  s i t u a t i o n )  t o  t h e  sub jec t
arises. 

Emotions have varying inf luences  on the  v i t a l  a c t i v i t y  of t h e  organism 
(see Figure 6 ,  B ) :  they inc rease  t h e  tone of  t h e  h igher  ce reb ra l  segments 
and sense organs, in f luenc ing  t h e  lower s tages  of  t h e  organiza t iona l  
hierarchy,  "opening" t h e  s torehouse of  subconscious memory which w e  

. a t t r i b u t e  t o  the  determinat ion of i n t u i t i v e  so lu t ions ,  i nc rease  t h e  
func t iona l  c a p a b i l i t i e s  of t h e  muscles, and s t imu la t e  t h e  energy supply f o r  
ac t ion .  This i s  expressed i n  those  changes which occur i n  t h e  e l e c t r o 
physiological  i nd ica to r s  and processes  o f  speech formation ( the  frequency 
o f  t h e  pulse  and r e s p i r a t i o n ,  and in tona t ion  c h a r a c t e r i s t i c s  of speech, 
etc.  change). The operat ion of  t h e  a t t e n t i o n  apparatus i s  a l s o  determined 
by t h e  degree o f  information concerning a c e r t a i n  goal (demand) and t h e  
s ign i f i cance  of  t h e  goal  i t s e l f  (see Figure 6,  A ) .  

However, as was s t a t e d  above, emotion i s  always a funct ion of  
pragmatic uncer ta in ty :  emotion i s  s t ronge r ,  t h e  l e s s  t h e  information t h e  
human has  concerning s a t i s f a c t i o n  of t h e  demand. In con t r a s t  t o  emotion, 
a t t e n t i o n  i s  more concentrated t h e  narrower, t h e  more complete t h e  
information concerning where, when and what s igna l s  should appear,  how and 
when t h e  operator  should react t o  it when it does appear.  

When a demand a r i s e s  and i s  made concrete  i n t o  a goal ,  a r e s t r u c t u r i n g  
of  t he  nervous and mental process  occurs,  with a concentrat ion of mental 
a c t i v i t y  i n  t h e  requi red  d i r e c t i o n .  Changes of  t h i s  process when a t t e n t i o n  
i s  present  represent  p r imar i ly  an increase  i n  t h e  s e n s i t i v i t y  o f  those 
analyzers  through which t h e  information arises (o r  through which i t s  
a r r i v a l  i s  expected),  necessary t o  achieve the  goa l .  A t  t h e  same time, t h e  
remaining channels f o r  information recept ion  a r e  blocked, t he  operat ion of  
t h e  organs o f  memory become more purposeful ,  t he  readiness  of t he  ac tua to r  
apparatus t o  r eac t ion  t o  s i g n a l s  received i s  increased,  expressed, f o r  
example, i n  a decrease i n  l a t e n t  per iods (see Figure 6 ,  B ) .  

The appearance of a t t e n t i o n  as a s t a t e  of t h e  c e n t r a l  nervous system 
should be not iceable  i n  changes i n  t h e  b i o e l e c t r i c a l  a c t i v i t y  of t h e  CNS. 
Also, modern psychology be l i eves  t h a t  a t t e n t i o n  ref lects  t h e  d i r e c t i o n  of 
t h e  e n t i r e  complex a c t i v i t y  of t h e  organism, and t h e r e f o r e  doubt less  
p a r t i c i p a t i o n  i n  t h e  phys io logica l  mechanisms of a t t e n t i o n  of  changes i n  a 
number o f  vege ta t ive  func t ions  (Griew, Davies, Treacher,  1963; 
Walter, R. D . ,  Jeager ,  1956; Mundy-Castle, 1957; Oswald, 1957; Mirtschew, 
Penov, 1963; S l a t t e r ,  1960; T rav i s ,  Ohanian, 1954). 

The dynamics of  development of  t h e  s ta tes  analyzed can be charac te r 
ized ,  on t h e  one hand, by ac t ions  on t h e  surrounding medim, and on t h e  
o the r  hand by continuous comparison of necessary and ava i l ab le  informa
t i o n  concerning t h e  s a t i s f a c t i o n  of  demands ( instantaneous ana lys i s  
of  t h e  s i t u a t i o n ) .  
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and fourth frames are "working" frames, t h e  o t h e r  two with r ings  in  
columns are "nonworking" frames. 

D.  Electron beam c o n t r o l .  I n  o rde r  t o  con t ro l  t h e  e l e c t r o n  beam, an 
i n d i c a t o r  device with two curves,  descr ibed by f i rs t  and second o rde r  /28
equations and loca ted  on t h e  sc reen  symmetrically re la t ive  t o  t h e  scan 
a x i s ,  w a s  used. The t e s t  s u b j e c t  was t o  make t h e  e l e c t r o n  beam trace one 
of t h e  curves on command, u s ing  t h e  con t ro l  l e v e r .  The ra te  o f  movement of 
t h e  beam ac ross  t h e  a b s c i s s a  was constant  (N = 4.7,  9.5 o r  19.0 cm/sec). 

A t  t h e  same t i m e  t h e  e l e c t r o n  beam began i t s  ho r i zon ta l  scan,  
synchron5zed by a pu l se  o f  t h e  recording apparatus,  a command was given t o  
t h e  t es t  sub jec t  i n  t h e  form o f  a l i g h t  s i g n a l  i n d i c a t i n g  t h e  curve along 
which t h e  e l e c t r o n  beam was t o  be guided. The s e l e c t i o n  o f  t h e  curves was 
random, t h e  p r o b a b i l i t y  o f  s e l e c t i o n  o f  t h e  upper curve being equal t o  t h e  
p r o b a b i l i t y  of s e l e c t i o n  o f  t h e  lower curve. Samples of  recordings of 
e l ec t rophys io log ica l  processes  during t h e  s t a t e  o f  a t t e n t i o n  (A) and r e s t  
(R) f o r  one tes t  s u b j e c t  are shown on Figures 8 and 9 r e s p e c t i v e l y .  

Any model o f  t h e  emotional stress should contain t h e  p r i n c i p a l  
elements o f  t h e  o v e r a l l  formation of emotions (see Introduct ion;  Figure 6 ) .  / 2 9
Simi la r  t o  t h e  s t a t e  o f  a t t e n t i o n ,  models should ca l l  f o r  a c t i o n ,  t h e  
s o l u t i o n  o f  a c e r t a i n  problem by man. However, i n  c o n t r a s t  t o  t h e  s t a t e  of  
a t t e n t i o n ,  where u n c e r t a i n t y  r e l a t e d  t o  performance o f  t h e  assignment i s  
reduced t o  a minimum ( i n s t r u c t i o n ,  prel iminary t r a i n i n g ) ,  modeling of  t h e  
s ta te  o f  emotional stress should include elements of  pragmatic unce r t a in ty  
i n  t h e  r e a l i z a t i o n  of  t h e  necessary a c t i o n s  f o r  s a t i s f a c t i o n  o f  demands. 
The c r e a t i o n  of , t h e  r equ i r ed  demands becomes d i f f i c u l t  under l abora to ry  
condi t ions . 

We used two main methods: e i t h e r  t h e  in t roduc t ion  of va r ious  degrees 
of punishment and reward (avoidance of  punishment and achievement o f  r e w a r d  
being t h e  demand) r e l a t e d  t o  t h e  s o l u t i o n  o f  t h e  problem, o r  t h e  c r e a t i o n  
of a game s i t u a t i o n ,  arousing t h e  i n t e r e s t  o f  t h e  t e s t  sub jec t  i n  f u l f i l l 
ment. of t h e  experimentor 's  assignment. 

The essence of  t h e  experiments performed cons i s t ed  on t h e  one hand i n  
s t u d i e s  o f  t h e  emotional r e a c t i o n s  of men under condi t ions o f  s t imulus by 
s i g n a l s ,  some of which had emotional s i g n i f i c a n c e ,  and on t h e  o t h e r  hand i n  
t h e  production of  a game s i t u a t i o n  i n  which t h e  t es t  s u b j e c t  was supposed 
t o  conceal h i s  s e l e c t i v e  a t t i t u d e  toward a c e r t a i n  s i g n a l  from among those  
presented,  while t h e  t a s k  o f  t h e  experimentor was t o  d e t e c t  h i s  emotional /30

r e a c t i o n s  t o  t h e  s i g n i f i c a n t  s i g n a l s .  The form o f  performance of  t h e  
first p o r t i o n  o f  t h e  experiments, p r imar i ly  dedicated t o  i n v e s t i g a t i o n  
o f  e l ec t rophys io log ica l  i n d i c a t o r s ,  was as follows. 
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Figure 7 (Explanat ion i n  Text )  

14 


I 



F i gu r e  7 (cont inued) 
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6 _c_ 

Figure 8. Fragments of Electrophysiological Processes Recorded on Electro
encephalograph. S t a t e  o f  Attent ion.  1 ,  Readings of i n t e g r a t o r  ( a n a l y s i s  
o f  E E G ) ;  2 ,  E E G  ( p a r i e t a l - o c c i p i t a l  l e a d ) ;  3 ,  a rhythm; 4 ,  PG; 5 ,  SGR 
(normal g a i n ) ;  6 ,  SGR (gain increased t o  twice n o r m a l ) ; , 7 ,  Channel 
recording response motor react ion to s i g n i f i c a n t  s i g n a l ;  8 ,  E K G  (non
standard lead: l e f t  leg-r ight  leg) 

A.  A number o f  randomly loca ted  "points" was p ro jec t ed  on a sc reen  
0 . 7  x 0 . 7  m y  among which a key l i g h t  spot  moved according t o  a c e r t a i n  
rule.  The emotional s i g n i f i c a n c e  o f  t h e  s i g n a l  increased as t h e  key spot  
approached a c e r t a i n  po in t  and reached a maximum when t h e  key spot  corre
sponded t o  t h e  given po in t  ( p o s s i b i l i t y  of e l e c t r i c a l  s k i n  s t imu lus ) .  
Changes i n  t h e  e l ec t rophys io log ica l  i n d i c a t o r s  r e s u l t i n g  from changes i n  
t h e  space-time c h a r a c t e r i s t i c s  of t h e  s i g n a l  were s t u d i e d .  

B .  Using a motion p i c t u r e  p r o j e c t o r ,  a repeated series o f  geometric 
symbols ( s i x  f i g u r e s )  was shown, one o r  two o f  which were emotionally 
s ignif icant . 

The loca t ion  of  t h e  s i g n a l s  from s e r i e s  t o  series could b e  e i t h e r  
random o r  r e g u l a r ,  and t h e  t i m e  of exposure t o  each (durat ion of  exposure 
of a frame) v a r i e d  between 10 and 40 sec. Between each two s i g n a l  frames 
t h e r e  followed a blank frame, t h e  time o f  which was u s u a l l y  10 sec.  A s  
a r e s u l t  o f  t h e  experiment, changes i n  t h e  parameters o f  t he  e l ec t rophys i 
o l o g i c a l  processes were s tud ied .  The r e p e t i t i o n  o f  input  s i g n a l s  allowed 
t h e  method o f  accumulation t o  be used t o  s e p a r a t e  s i g n i f i c a n t  s i g n a l s  i n  t h e  
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e lec t rophys io log ica l  i n d i c a t o r s  (mainly on t h e  b a s i s  o f  s i x  t o  t e n  r e a l i z a 
t i o n s ) .  

6 A 


Figure 9. Fragments o f  Electrophysiological  Processes Recorded on Electro
encephalograph. S t a t e  o f  Operative Rest. Key same as  on Figure 8. 

Before each experiment, n e u t r a l  s i g n a l  s t i m u l i  were shown f o r  3-5 min. 
Figures 10 and 11 show models of  t h e  recordings of  e l ec t rophys io log ica l  
processes i n  t h e  s t a t e  of  res t  and emotional s t r e s s  f o r  t h e  same t e s t  s u b ' e c t  
( R  i n d i c a t e s  t h e  change i n  circumference of t h e  thorax during r e s p i r a t i o n1 , 
a ( t )  t h e  ct rhythm i n  t h e  frequency range 8-13 H z ) .  

The second por t ion  o f  t h e  experiments was dedicated t o  a n a l y s i s  o f  
i n tona t ion  of  t h e  speech a t  var ious l e v e l s  o f  emotional s t r e s s .  In  o rde r  t o  
achieve t h i s  purpose, it was decided t o  use  t h e  p r i n c i p l e  o f  modeling of human 
emotions by a c t i n g  (S.imonov, 1962). We d id  not  a s s ign  each a c t o r  t h e  char
acter of t h e  in tona t ion  t o  be modeled ("happiness," "alarm," e t c . ) ,  but r a t h e r  
t h e  s i t u a t i o n  (suggested s i t u a t i o n s  a f t e r  K .  S. S t an i s l avsk iy )  , considering 
t h a t  t h e  s i t u a t i o n s  would arouse t h e  corresponding emotional experiences i n  
t h e  a c t o r s .  Although c e r t a i n  d i f f e r e n c e s  between a c t o r s '  emotions and, 
n a t u r a l  emotional r e a c t i o n s  had been e s t a b l i s h e d  ear l ie r  i n  s p e c i a l  exper
iments (Simonov, Valuyeva, Yershov, 1964), it could be  hoped t h a t  t h e  high /31 

I I n  t h e  exDeriments. t h e  v a l u e  o f  R was determined by t h e  inc rease  i n  t h e
L 

circumference of t h e  thorax during t h e  process  of  r e s p i r a t i o n  r e l a t i v e  t o  i t s  
value with t h e  b r e a t h  he ld .  
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c o r t i c a l i z a t i o n  of  speech funct ions would make these  d i f f e rences  less expressed 
than i n  t h e  sphere of  vege ta t ive  components. I t  i s  well known t h a t  t h e  
in tona t ion  co lor ing  o f  speech i s  a very r e l i a b l e  means of communications. The 
main po r t ion  of t h e  experiments was performed using 15 a c t o r s  and s tudents  from 
t h e  s t u d i o  of  Moscow's Sovremennik Theater.  

SCR 

E KG 

Figure 10 (Exp lana t ion  i n  Tex t )  

Figure 1 1  (Exp lana t ion  i n  T e x t )  

The experiments were spec ia l i zed  and constructed on t h e  b a s i s  of imi ta t ion  
of r ad io  conversation of  t he  a c t o r  with t h e  "ear th ,"  with t h e  a c t o r  i n  var ious 
f l i g h t  s i t u a t i o n s .  The t e x t  of t h e  conversations included expressions broadly 
used i n  f l i g h t  communications: "This i s  Almaz" ( c a l l  s i g n ) ,  "Roger," "Good," 
e t c .  

The na ture  of t h e  s i t u a t i o n s  themselves was r e l a t e d  e i t h e r  t o  success  i n  
f u l f i l l m e n t  o f  a t a s k  (pos i t i ve  emotions), o r  t o  t h e  appearance of unexpected /32 
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complications on board t h e  aircraft, i nc reas ing  danger (negative emotions). 
The recording of electrocardiograms during t h e  recording of  speech r e a c t i o n s  on 
magnetic t ape  made it p o s s i b l e  t o  determine whether t rue  emotional stress was 
a c t u a l l y  aroused o r  whether t h e  a c t o r  was r e a l l y  reproducing t h e  in tona t ions  
purely a r t i f i c i a l l y ,  while  remaining q u i t e  calm. The c l e a r  changes i n  ca rd iac  
rhythm i n  t h e  overwhelming ma jo r i ty  o f  cases i n d i c a t e  t h e  co r rec tness  of  t h e  
f irst  assumption (F i  u r e  12) and make t h e  r e s u l t s  o f  t h e  experiments comparable
t o  n a t u r a l  r e a c t i o n sf . 

80 beats per minute 

105 beats per ininUte 

Figure 1 2 .  Fragments of Electrocardiograms f o r  Certain S t a t e s .  Top t o  bottom: 
"Rest , I '  "Joy," "Alarm" 

l-

I 

I Reflecting 

I Information 

I 
L JI 

Figure 13 (Here and i n  Following I l l u s t r a t i o n s ,  Explanation i n  Text) 

The block diagram of  t h e  experiments, c o l l e c t i o n  and primary processing o f  
information i s  shown on Figure 13. The t e s t  sub jec t  was placed i n  an i s o l a t e d  
chamber, along with t h e  means f o r  r e f l e c t i n g  information (movie screen,  l i g h t  
and sound apparatus,  cathode ray i n d i c a t o r ,  e t c . ) .  The message source used was 

I-TEe-auth-ors express  t h e i r  deep g r a t i t u d e  t o  National A r t i s t  o f  t h e  USSR 
V. 	 0. Toporkov, ch ie f  d i r e c t o r  o f  t h e  t h e a t e r  0. N .  Yefreymov, d i r e c t o r  

P .  M .  Yershov and t h e i r  colleagues f o r  t h e i r  h e l p  i n  t h e  performance of t h i s  

por t ion  o f  our work. 
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a motion p i c t u r e  p ro jec to r ,  t ape  recorder  and var ious  s t imu la to r s  which were 
combined with t h e  recording apparatus when necessary through the  program 
device.  

The recording of e lec t rophys io logica l  processes  was performed using a /33
s t r i p c h a r t  recorder  and a 17-channel Nihon Kohden type  ME-171D e l e c t r o 
ekephalograph  with s p e c t r a l  band analyzer .  Magnetic t ape  recordings were made 
using a spec ia l  t ape  recorder  transforming t h e  amplitude modulation of  t h e  
s i g n a l  t o  frequency modulation. 

In order  t o  record t h e  electroencephalogram (EEG) t h e  p a r i e t a l - o c c i p i t a l  
l ead  was used, while t h e  s k i n  ga lvanic  r e f l e x  (SGR) was recorded using a lead  
from t h e  back and palm su r face  of t h e  hand. Since t h e  processing of e l e c t r o 
cardiograms (EKG) pr imar i ly  involves  t h e  inves t iga t ion  o f  information con
s i s t i n g  of changes i n  pulse  frequency, any of t h e  t h r e e  s tandard leads could be 
used t o  record t h e  E K G .  Changes i n  t h e  circumference of t h e  thorax  during 
r e s p i r a t i o n  and plethysmograms ( reac t ion  o f  c o n s t r i c t i o n  and expansion of 
ves se l s )  were recorded us ing  s p e c i a l  pickups manufactured by the  ALVAR firm. 

In a l l ,  approximately 300 experiments were performed, involving t h e  
p a r t i c i p a t i o n  of  53 sub jec t s  of both sexes and not  over 35 years  of age.  The 
dura t ion  o f  each experiment was 1 .5-3  h r l .  

Figure 14 

Secondary processing of  s i g n a l s  (es t imat ion of d i s t r i b u t i o n ,  s p e c t r a l -
c o r r e l a t i o n  c h a r a c t e r i s t i c s )  was performed us ing  Ural-2 and M-20 d i g i t a l  
computers with an ana log -d ig i t a l  converter  manufactured a t  t h e  I n s t i t u t e  of  
Mathematics, S iber ian  Aff i l ia te ,  Academy of Sciences USSR (Figure 14) ,  and a 
band s p e c t r a l  analyzer  of t h e  Danish f i r m  "Bruel Kjaer." 

- .  - .. i. _ - = ,  ... . -.. . - - ~i . ... .~ 

express t h e i r  deep g r a t i t u d e  t o  .E-. K~.Sepp f o r  h i s - Constant- h k l p  
i n  performing t h e  experiments. 
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. The quantized s igna l  from t h e  output  of ampl i f i e r  Amp1 or t ape  recorder  

MAG could be s e n t  immediately t o  t h e  ana log -d ig i t a l  converter  ADC. This 
converter  quant izes  with an accuracy of 0.8% (e ight  b inary  d i g i t s ,  including 
t h e  s ign  b i t ,  corresponding t o  a dynamic range o f  41.9 db) .  The quant iza t ion  
frequency is  e s t ab l i shed  by t h e  synch pulse  genera tor  SG and may vary from zero 
t o  30 kHz. A t  t h e  output o f  t h e  converter ,  t h e  codes are recorded on magnetic 
tape  us ing  a s p e c i a l  t ape  recorder  (MTD o f  M-20 computer). A t  t h e  computer /34 
center ,  t h e  t apes  could be read on a similar tape  d r ive  and input  t o  t h e  
machine. Input q u a l i t y  con t ro l  was performed by reading t h e  codes From t h e  M T D  
through a d ig i t a l - ana log  converter  DAC and l i s t e n i n g  (speech) through ampl i f ie r  
Amp2 or v i sua l  checking on t h e  screen  of osc i l lograph  0 of t h e  continuous 

s igna l  produced. The apparatus allows slowly changing signal parameters 
(envelope) t o  be  input  t o  t h e  machine from t h e  outputs  of five-channel 
analyzer  A through commutator K .  

The processing was based on t h e  s p e c i f i c  f ea tu re s  of t h e  opera t ion  of t h e  
speech-forming channel,  c e r t a i n  model concepts and t h e  p o s s i b i l i t y  of  using t h e  
r e s u l t s  of  t h e  theory of s t a b l e  processes  f o r  ana lys i s  of  e lec t rophys io logica l  
s igna l s ,  which g r e a t l y  f a c i l i t a t e s  t h e  production of q u a n t i t a t i v e  est imates  f o r  
t h e  s i g n a l s  being inves t iga ted .  In  the  general  case,  b io log ica l  processes  
r e f l e c t i n g  changes occurr ing i n  t h e  human organism under t h e  inf luence  of  
f a c t o r s  i n  the  surrounding medium are descr ibed by random, uns t ab le  processes  
However, i n  a number of p r a c t i c a l  app l i ca t ions ,  including t h e  performance of 
experiments i n  which t h e  inf luence  of t h e  surrounding medium can be l imi ted  and 
s t a b i l i z e d  and t h e  s ta te  of t h e  t e s t  sub jec t  i s  determined b a s i c a l l y  by t h e  
experiment i t s e l f ,  with otherwise equivalent  condi t ions ,  observat ion i n t e r v a l s  
can be  s e l e c t e d  i n  which t h e  p rope r t i e s  of  the  e lec t rophys io logica l  processes  
change comparatively slowly with t i m e ,  so  t h a t  t h e  processes  themselves can be 
considered s t a b l e  over t i m e  i n t e r v a l s  s u f f i c i e n t  f o r  ca l cu la t ion  o f  t h e  
necessary c h a r a c t e r i s t i c s  (Gnedenko, Fomin, Khurgin, 1962; Denier van d e r  Gon, 
Strackee,  1966; Genkin, 1965). 

In t h e  following sec t ions ,  we w i l l  analyze c e r t a i n  problems involved i n  
t h e  processing o f  speech and var ious e lec t rophys io logica l  s i g n a l s  f o r  t he  
s t a t e s  of  a t t e n t i o n  and emotional stress. I n  t h e  l a t t e r  case, t h e  main por t ion  
o f  t h e  work, r e l a t e d  t o  ana lys i s  of e lec t rophys io logica l  i n d i c a t o r s ,  i s  
dedicated t o  t h e  s tudy of comparatively weak emotional reac t ions  ( r e l a t i v e  
changes i n  pulse  frequency not  exceeding 10-15%). 

Problems of t h e  inves t iga t ion  of speech s igna l s  have been analyzed, a s  w a s  
noted above, f o r  var ious  emotional s i t u a t i o n s  r e l a t e d  t o  the  development of  
success or t h e  appearance of f a c t o r s  complicating the  t a s k .  
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PART I 

U T I L I Z A T I O N  OF PHYSIOLOGICAL S IGNALS FOR EVALUATION 
OF OPERATOR ATTENTION 

CHAPTER 3 

SIGNALS OF THE STATE OF A T T E N T I O N  

ABSTRACT. Various types of s igna l s  of t h e  s t a t e  o f  a t t 
ent ion a r e  analyzed; t h e  s igna l s  analyzed i n c l u d e  t h e  
alpha rhythm and o the r  e lectroencephalographic  charac te r 
i s t i c s .  T h e  values o f  a random sequence of readings o f  
t h e  alpha rhythm in t eg ra to r  a r e  subjected t o  mathematical 
ana lys i s  t o  determine d i s t r i b u t i o n ,  confidence l i m i t s ,  
e t c .  

S3.1. S t a t e  of  Attent ion and Operative Q u i e t  

A l l  processes  of cogni t ion ,  be they precept ion o r  thought,  a r e  d i r ec t ed  / 3 5  
toward a c e r t a i n  objec t  r e f l e c t e d  i n  them. The r e l a t i o n s h i p  o f  subjec t  t o  
objec t  i s  expressed i n  a t t e n t i o n .  At ten t ion  i s  usua l ly  phenomenologically 
charac te r ized  by excessive d i r e c t i o n  of t h e  consciousness toward a given 
ob jec t  which is  then perceived with p a r t i c u l a r  c l a r i t y  and sharpness.  The 
s e l e c t i v e  d i r e c t i o n  as a c e n t r a l  phenomenon i n  a t t e n t i o n  i s  accompanied by an 
increase  i n  the threshold  s e n s i t i v i t y  of c e r t a i n  analyzer  mechanisms, t h e  
manifestat ion of which i s  so-ca l led  s e n s i t i z a t i o n .  Analysis o f  s e n s i t i z a t i o n  
i n  a broader sense,  not  only as a change i n  the  thresholds  of s e n s i t i v i t y  of  
t h e  sense organs,  but  as an increase  (and corresponding decrease) i n  
recept iveness  t o  impression, thoughts,  e tc .  allows us  t o  extend t h e  concept o f  
a t t e n t i o n  t o  mental processes  as wel l .  The b a s i c  expansion o f  t h e  concept of 
s e n s i t i z a t i o n  can be t h e  g e n e r a l i t y  of t he  mechanism of these  phenomena 
which a r e  r e l a t e d ,  according t o  t h i s  assumption, t o  t h e  t roph ic  inf luence  of 
t h e  vege ta t ive  nervous system on t h e  c e n t r a l  nervous system (Rubenshteyn, 
1946). 

At ten t ion  ( i n  t h e  broad sense of t h i s  word) occurs i n  opera tor  a c t i v l t y ,  
requi r ing ,  i n  add i t ion  t o  p rec i se  opera t ion  o f  t h e  ac tua to r  apparatus ,  t h e  
performance of l og ic  opera t ions  as w e l l .  
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The a c t i v i t y  o f  t h e  ope ra to r  i n  t h e  "man and machine" system c o n s i s t s  of 
s e v e r a l ,  gene ra l ly  i n t e r r e l a t e d  s t ages :  percept ion,  ana lys i s  o f  incoming 
information and performance of  a c t i o n  according t o  dec i s ion  made. The 
s p e c i f i c  g r a v i t y  o f  each component may vary and i s  determined by t h e  condi
t i o n s  and na tu re  of t h e  t a s k  being performed. I n  nondeterminis t ic  systems, 
t h e  i n f l u x  o f  information a r r i v i n g  a t  t h e  ope ra to r  may be represented i n  the  
form of a random func t ion  o f  one o r  s e v e r a l  arguments, t h e  information on t h e  
p r o p e r t i e s  o f  which i s  accumulated during t h e  t r a i n i n g  process.  

-/ 3 6
Here, due 

t o  t h e  l i m i t e d  c a p a b i l i t i e s  of  man, an i d e a  of  t h e  p r o b a b i l i t y  p r o p e r t i e s  of 
t h e  random func t ion  i s  formed by averaging. Any averaging always involves a 
l o s s  o f  information, so t h a t  each t i m e ,  r e g a r d l e s s  o f  t h e  du ra t ion  of  t h e  
t r a i n i n g  s t age ,  t h e r e  i s  a d i f f e r e n c e  between t h e  mean a p r i o r i  d a t a  on t h e  
flow o f  information and t h e  cu r ren t  information, which i s  b u t  one p o s s i b l e  
r e a l i z a t i o n  of  t h e  random funct ion.  

Thus, i n  nondeterminis t ic  systems, according t o  t h e  concepts o f  
P. V. Simonov, t h e  s t a t e  of a t t e n t i o n  should be  emotionally colored and more 
s t a b l e ,  than i n  d e t e r m i n i s t i c  systems. The emotional color ing i s  looked upon 
as one of  t h e  lower s t a g e s  of  emotional s t r e s s ,  cha rac t e r i zed  by u n c e r t a i n t y  
i n  t h e  flow o f  incoming information t o  t h e  ex ten t  t o  which it i s  observed as 
r e a l i z a t i o n s  o f  t h e  random func t ion ,  whose p r o b a b i l i t y  p r o p e r t i e s  are known, 
follow each o t h e r .  In c o n t r a s t  t o  emotional s t r e s s  r e s u l t i n g  from va r ious  
types of s t r e s s  f a c t o r s ,  emotional color ing,  aga ins t  a background of which t h e  
ope ra to r  a c t i v i t y  occurs ,  i s  r e l a t i v e l y  s t a b l e  with t i m e .  

The work of t h e  ope ra to r  u s u a l l y  does not involve physical  stress, but 
r equ i r e s  considerable  a t t e n t i o n  stress f o r  t h e  performance of l o g i c  operat ions 
and achievement o f  r a p i d ,  p r e c i s e  r e a c t i o n s  t o  incoming s i g n a l s .  In t h e  
following, t h e  s ta te  o f  a human involved i n  ope ra to r  a c t i v i t y ,  which, as was 
already noted, has considerable  emotional co lo r ing ,  w i l l  b e  represented by t h e  
s ta te  of a t t e n t i o n  ( A ) ,  which w i l l  b e  assumed unchanged as long as t h e  f a c t o r s  
o f  t h e  surrounding medium remain unchanged. The s t a t e  of  ope ra t ive  rest (R) 
w i l l  be taken t o  mean t h e  s t a t e  of a human i n  a working s i t u a t i o n  i n  a s t a t e  
o f  a t t e n t i v e  r e s t ,  n o t  immediately involved i n  ope ra to r  work. 

9 3 . 2 .  Physiological C h a r a c t e r i s t i c s  o f  Attent ion 

Attent ion i s  t h e  most g loba l  c h a r a c t e r i s t i c  of  t he  a c t i v e  s ta te  o f  man; 
it i s  required with any purposeful  a c t i v i t y  r e g a r d l e s s  o f  which analyzers  
( v i s u a l ,  aud i to ry ,  etc. ) p a r t i c i p a t e  i n  t h e  a c t i v i t y ;  t h e r e f o r e ,  cha rac t e r 
i s t i c s  of a t t e n t i o n  can be determined i n  changes not  only of s p e c i f i c ,  b u t  of 
nonspec i f i c  r e a c t i o n s  of man. 

Concerning t h e  s t a t e  of a t t e n t i o n ,  i . e .  t h e  s e l e c t i v e  r ead iness  t o  r e a c t  
i n  a c e r t a i n  manner t o  a c e r t a i n  s i g n a l ,  w e  can judge f i r s t  o f  a l l ,  as is  
f r equen t ly  done, from t h e  r e a c t i o n s  themselves: t h e i r  presence ( s i g n a l  no t  
missed),  t h e  length of t h e  l a t e n t  pe r iod ,  t h e  th re sho ld ,  i n d i c a t i n g  s e n s i t i v 
i t y  of  t h e  analyzer ,  e tc .  I t  has  been shown t h a t  a warning of upcoming /37 
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st imulus t o  which an answer should be given, leads  t o  a reduct ion i n  l a t e n t  
per iods  and a lowering of  th resholds  (Maruseva and Chistovich, 1954). 

Also, a t t e n t i o n  as a nervous-mental process  should be  r e f l e c t e d  through 
t h e  func t iona l  s ta te  o f  t h e  CNS i n  i t s  e lectr ical  a c t i v i t y .  Here w e  must base 
ourselves  on t h e  s ta tement  of N. Y e .  Vedenskiy concerning t h e  correspondence 
o f  electrical and func t iona l  changes i n  t h e  t issues and organs, t h e  b a s i s  of  
p r a c t i c a l  e lectrophysiology,  i n  p a r t i c u l a r  f o r  electroencephalography and 
electrocardiography (Golikov, 1960; Livanov, 1955; Rusinov, Smirnov, 1957). 

A c h a r a c t e r i s t i c  b i o e l e c t r i c  r e a c t i o n  o f  t h e  ce reb ra l  cor tex  t o  a 
s t imulus i s  t h e  "response e1 ic i t ed" l .  The concentrat ion of  a t t e n t i o n  t o  
s t i m u l i  l eads  t o  an i nc rease  i n  t h e  amplitudes of  t h e s e  responses and t o  a 
change i n  t h e i r  conf igura t ion  (Garcia-Austt, Bogacz, Vanzul l i ,  1964; Haider, 
Spong, Lindsly, 1964, e t c . ) .  An ob jec t ive  review o f  t h e  s p e c i f i c s  of 
e l i c i t e d  p o t e n t i a l s  i n  man i n  t h e  s t a t e  o f  a t t e n t i o n  was published by 
N. I. Chuprikova (1967). A number of works has  been dedicated t o  t h e  char
ac t e r i s t i c  slow negat ive  wave ("expectation wave") which arises between 
warning and start s i g n a l s  (Walter, 1965; Rebert, McAdem, Knott, Irwin, 1967). 

An increase  i n  t h e  amplitudes of  e l i c i t e d  responses may be r e l a t e d  t o  
t h e  ac t iva t ing  inf luence  of  r e t i c u l a r  formation. According t o  t h e  d a t a  of 
S. P.  Nar ikashvi l i  (1963), d i r e c t  e l e c t r i c a l  s t imulus of t h e  r e t i c u l a r  forma
t i o n  of t h e  b r a i n  stem leads not only t o  an inc rease  i n  t h e  amplitude o f  t h e  
f irst  responses i n  t h e  cerebra l  cor tex ,  but  a l s o  t o  t h e i r  s t a b i l i z a t i o n ,  i . e .  
t o  constancy of t h e  neurons involved i n  the  r e a c t i o n .  

Although changes i n  e l i c i t e d  p o t e n t i a l s  are q u i t e  i n t e r e s t i n g  f o r  
i nves t iga t ion  of  physiological  mechanisms of  concentrat ion of a t t e n t i o n ,  t h e  
p r a c t i c a l  s ign i f i cance  of t h e s e  b i o e l e c t r i c  changes i s  n o t  g rea t  as y e t ,  s ince  
w e  r a r e l y  encounter s i g n a l s  i n  t h e  sphere o f  opera tor  a c t i v i t y  which are 
accompanied by clear e l i c i t e d  responses.  Theore t i ca l ly ,  a system o f  t e s t i n g  
t h e  opera tor  s t a t e  by recording e l i c i t e d  responses t o  spec ia l  s e r i e s  of  t es t  
s t i m u l i  could be among f u t u r e  developments. 

A s  concerns t h e  summary electroencephalogram with su r face  leads ,  i n  
addi t ion  t o  inves t iga t ion  o f  t h e  EEG i t s e l f ,  which has a tendency t o  depres
s ion  i n  response t o  var ious  s t i m u l i ,  t h e r e  is  considerable  s ign i f i cance  i n  t h e  
s tudy of  t h e  rhythms, components of  t h e  EEG which are physiological  char
acter is t ics  of t h e  func t iona l  s ta te  o f  t h e  b r a i n .  Among these  rhythms, 
p a r t i c u l a r  s ign i f i cance  must be given t o  t h e  a rhythm, c h a r a c t e r i s t i c  f o r  t h e  
EEG o f  a mature, hea l thy  man i n  t h e  conscious s ta te  wi th  closed (Kozhevnikov, 
Meshcherskiy, 1963) and open eyes (Mullholland, 1965). I t  i s  assumed t h a t  t h e  
a rhythm i s  t h e  r e s t  rhythm which i s  desynchronized when t h e  b ra in  i s  exc i ted ,  
and synchronized when i n h i b i t i o n  occurs .  This general  statement can hard ly  be 
be made concerning t h e  na tu re  of  t he  a rhythm during mental loading, with 
concentrated a t t e n t i o n .  S t i l l ,  most i n v e s t i g a t o r s  no te  a tendency t o  
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depression (desynchronization) of t h e  cx rhythm as a t t e n t i o n  i s  increas ingly  
concentrated (Gastaut,  Bert, 1954; Walter, 1959; Lorens, Darrow, 1962, e t c . ) .  
If t h e  p robab i l i t y  of  appearance o f  an expected s t a t e  s i g n a l  i s  g r e a t ,  t h e  
number of  spontaneous depressions o f  t h e  cx rhythm decreases  (Yui Vyen Chao, 
1964). The worsening of a t t e n t i o n  with t h e  appearance of  cx rhythm depression 
and desynchronization of EEG has been repor ted  by Adrian (1947), Gastaut,  
B e r t  (1954), Kugler (1963). Mundy-Castle ('1957) speaks out  aga ins t  t h e  
d i r e c t  r e l a t i o n s h i p  between a t t e n t i o n  and depression of  t h e  cx rhythm. 
Exal ta t ion  o f  t h e  c1 rhythm i n  response t o  audi tory  and t a c t i l e  s t imula t ion ,  as 
w e l l  as i n  case of expectat ion of a s i g n a l  and mental stress were observed by 
Durup, Fessard (1935), Darrow (1947), Travis ,  Barber (1938), Kreitman, Show 
(1965). The con t r ad ic t ion  among t h e  proponents of  depression and t h e  propon
e n t s  of e x a l t a t i o n  of  t h e  cx rhythm during concentrat ion o f  a t t e n t i o n  was 
s tudied  by Travis and Ohanian (1954), who repor ted  t h a t  depression o f  t he  ct 
rhythm i s  r e l a t e d  t o  d i r e c t e d  th inking ,  e x a l t a t i o n  t o  general ized th inking .  

Together with t h e  inves t iga t ions  of changes i n  t h e  amplitude of  t h e  ct 
rhythm during concentrat ion of a t t e n t i o n ,  a smaller number of  works i s  
encountered dedica ted  t o  s tudy  of o the r  parameters of t h e  main EEG rhythm. 
For example, M. N. Valuyeva (1965) descr ibed t h e  phenomenon of s t a b i l i z a t i o n  
of t h e  maximum amplitude of t h e  c1 rhythm during expectat ion of  a s i g n i f i c a n t  
s t imulus,  while Darrow (1947) under s i m i l a r  condi t ions noted an inc rease  i n  
frequency. A. A. Genkin (1963), i n  i nves t iga t ions  of t he  mental a c t i v i t y  of 
man, noted a change i n  t h e  asymmetry of  phase dura t ions  i n  t h e  EEG. 
Analyzing var ious phases of ind iv idua l  cyc les  o f  a c t i v i t y  of  f l u c t u a t i n g  
processes  occurr ing i n  phys io logica l  systems as corresponding t o  q u a l i t a t i v e l y  
d i f f e r e n t  func t iona l  states,  Genkin (1965) gives  considerable  s ign i f i cance  t o  
t h e  l eve l  of asymmetry of phases as c h a r a c t e r i s t i c s  of  phys io logica l  
processes .  

In t h e  experiments of D. M. Grinberg and A. A. Zubkov (1963), mental work 
l ed  t o  appearance of rhythms of higher  frequency ( 6  and y) o r  t o  an increase  
i n  t h e i r  frequency and amplitude with simultaneous decrease i n  t h e  frequency 
and amplitude of  t h e  c1 rhythm. In  many cases  during a c t i v i z a t i o n  of  
a t t e n t i o n ,  no changes i n  t h e  frequency spectrum of t h e  EEG a r e  noted a t  a l l ,  
including i n  t h e  ct range (Artemeva, Khomskaya, 1966). 

The mutually cont rad ic tory  na tu re  of ava i l ab le  d a t a  ind ica t e s  t h a t  t h e  /39
state of  a t t e n t i o n  apparent ly  cannot be unambiguously charac te r ized  by 
information produced only by ana lys i s  of EEG, i n  connection with which 
supplementary sources of  information are required.  

One of t h e  mani fes ta t ions  of a t t e n t i o n  i s  an inc rease  i n  s e n s i t i v i t y  of  
analyzers .  The important r o l e  of  vege ta t ive  changes i n  changes i n  s e n s i t i v i t y  
t o  s t i m u l i  has been noted by Y e .  N.  Sokolov (1958), Graham and Keen (1966), 
etc.  Mirtschew and Penov (1963) no te  t h a t  changes i n  the  func t iona l  s t a t e  
in f luence  first t h e  vege ta t ive  nervous system, then  t h e  e lectr ical  a c t i v i t y  of 
t h e  b ra in .  
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G r i e w ,  Davies and "reacher (1963) consider  a decrease i n  t h e  pulse  
frequency t o  be a c h a r a c t e r i s t i c  of  a t t e n t i o n .  They found a c o r r e l a t i o n  
between t h e  v a r i a b i l i t y  of  th-e pulse  frequency and t h e  number o f  e r r o r s  
committed by tes t  sub jec t s .  I t  should be noted t h a t  an inc rease  i n  t h e  
s ign i f i cance  of t h e  s t i m u l i  expected, as a rule, l eads  t o  an increase  i n  pulse  
frequency r a t h e r  than a decrease.  Also, t h e  na tu re  of  t h e  ca rd iac  r eac t ion  
( increase  or decrease  i n  frequency) depends t o  a considerable  ex ten t  on 
ind iv idua l  s p e c i f i c s  of  t h e  operator .  

Even t h e  b r i e f e s t  review o f  ava i l ab le  d a t a  i n d i c a t e s  t h a t  t h e  problem of 
r e l i a b l e ,  ob jec t ive  c h a r a c t e r i s t i c s  of  concentrat ion o f  a t t e n t i o n  remains open 
and r equ i r e s  f u r t h e r  s tudy.  

At ten t ion ,  accompanied by adapta t ion  of t h e  e n t i r e  organism t o  optimal 
percept ion of c e r t a i n  s t i m u l i  and most p r e c i s e  r e a c t i o n  t o  them, n a t u r a l l y ,  
a t t r a c t s  a l l  o f  t h e  v i t a l l y  important systems o f  t h e  organism i n t o  t h e  
adaptat ion process  through t h e  c e n t r a l  nervous system: the  cardiovascular ,  
r e sp i r a to ry ,  nervous-muscular and o the r  systems a r e  a l l  involved. A change i n  
t h e  func t iona l  s ta te  of  systems i s  r e f l e c t e d  i n  t h e i r  e lec t rophys io logica l  
c h a r a c t e r i s t i c s :  EEG, EKG,  PG, EMG, as wel l  as t h e  skin-galvanic  r eac t ions .  

9 3 . 3 .  Certain Parameters o f  Physiological Processes and Their In t e rp re t a t ion  

Biological  processes  r e f l e c t i n g  t h e  i n t e r a c t i o n  of t h e  human organism 
with t h e  medium are q u i t e  complex and f l u c t u a t i n g  i n  na ture .  Even with 
seemingly i d e n t i c a l  ex te rna l  condi t ions,  f l u c t u a t i o n s  of t hese  processes  are 
q u i t e  va r i ed  i n  magnitude and form. In  connection with t h i s ,  when b io log ica l  
processes  are inves t iga t ed  t h e i r  c h a r a c t e r i s t i c s  must be assumed t o  be random 
funct ions  of t i m e ,  and t h e  processes  themselves analyzed as sequences o f  
l o c a l l y  s t a b l e  processes ,  i . e .  as processes  whose p r o p e r t i e s  change with time 

/40s o  slowly t h a t  t h e  processes  i n  t h e  observat ion i n t e r v a l  can be considered -
s t a b l e  (Genkin, 1965; Denier van d e r  Gon, Strackee,  1966). The p o s s i b i l i t y  of  
t h i s  approach i s  ind ica t ed  by B. V. Gnedenko, S. V.  Fomin, Ya. I .  Khurgin 
(1962), who note  t h a t  i n  many cases  t h e  b io log ica l  processes ,  including 
spontaneous a c t i v i t i y  of  var ious s e c t o r s  of t h e  c e n t r a l  nervous system, can be 
looked upon with s u f f i c i e n t  accuracy as s t a b l e  processes ,  and can be 
approached from t h e  poin t  o f  view o f  t h e  theory o f  s t a b l e  random processes.  
The p o s s i b i l i t y  of using t h e  theory of s t a b l e  processes  f o r  t h e  ana lys i s  of 
b i o l o g i c a l  processes  g r e a t l y  f a c i l i t a t e s  t he  production of  q u a n t i t a t i v e  
es t imates  of  t h e  processes  being inves t iga ted .  

The random funct ion  which descr ibes  a phys io logica l  process  can be looked 
upon as  an i n f i n i t e  s e t  of random q u a n t i t i e s  (Pugachov, 1957) where t h e  i - t h  
random quan t i ty  is represented by a set of poss ib l e  va lues  of t h e  physiolog
ical  ind ica to r ,  one o f  which can be observed a t  t h e  i - t h  moment of t i m e .  The 
physiological  i n d i c a t o r  may be,  f o r  example, t h e  i n t e r v a l  of t h e  card iac ,  
r e s p i r a t o r y  o r  o the r  cycle;  t h e  amplitude of t h e  EEG, r e f l e c t i n g  t h e  degree of 
e x c i t a t i o n  of  t h e  nervous s t r u c t u r e ;  t h e  amplitude of t he  PG, charac te r iz ing  
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t h e  depth of  r e s p i r a t i o n ;  t h e  amplitude of  t h e  plethysmogram, i n d i c a t i n g  t h e  
degree of f i l l i n g  of  t h e  blood vessels, etc. An exhaustive c h a r a c t e r i z a t i o n  
o f  t h e  s e t  o f  random q u a n t i t i e s  is  t h e i r  d i s t r i b u t i o n .  The performance of 
c a l c u l a t i o n s  using t h e  d i s t r i b u t i o n  rules of a set  o f  random q u a n t i t i e s  i s  
f r equen t ly  q u i t e  d i f f i c u l t ,  s o  t h a t  i n  p r a c t i c a l  a p p l i c a t i o n s ,  g r e a t e r  
a t t e n t i o n  has been given t o  t h e i r  numerical c h a r a c t e r i s t i c s .  The simple bu t  
i n  many p r a c t i c a l  cases q u i t e  s a t i s f a c t o r y  numerical c h a r a c t e r i s t i c s  of 
random processes include mathematical expectat ion,  d i spe r s ion  and c o r r e l a t i o n  
funct ion.  The mathematical expectat ion i s  a c e r t a i n  mean level ,  about which 
t h e  concrete  r e a l i z a t i o n s  of a random process  f l u c t u a t e  (by r e a l i z a t i o n s ,  we 
mean t h e  concrete  form taken by a random process  as a r e s u l t  o f  an exper
iment). The d i s t r i b u t i o n  o f  f l u c t u a t i o n s  of concrete  r e a l i z a t i o n s  of a random 
process  about t h e  mathematical expectat ion is cha rac t e r i zed  by t h e  d i spe r s ion .  
The c o r r e l a t i o n  funct ion reflects t h e  degree of  dependence between preceding 
and subsequent values  of  a random process  separated by t i m e  i n t e r v a l  T. 

Highly organized b i o l o g i c a l  systems, i n  order  t o  provide optimal 
f u l f i l l m e n t  o f  metabolic r e a c t i o n s  i n  t h e  organism, have an i n t e r e s t i n g  
a b i l i t y  t o  r e t a i n  r e l a t i v e  constancy o f  t h e  i n t e r n a l  medium and c e r t a i n  
physiological  func t ions  (blood c i r c u l a t i o n ,  body temperature, e t c . ) .  If t h e  
condi t ions o f t h e  ex te rna l  medium a r e  changed, when pe r tu rba t ions  ar ise  t h e  /41
c e n t r a l  nervous system perceives  them through nervous and neurohumoral paths  
and acts on a l l  func t ions  of  t h e  organism so as t o  r e t a i n  t h e  parameters o f  
t h e  i n t e r n a l  medium unchanged, by switching ind iv idua l  systems o f  t h e  
organism t o  new modes, new l e v e l s  of  funct ioning.  For example, when t h e  
percent  content of  oxygen i n  t h e  a i r  being inhaled is  changed, t h e  C N S  
switches t h e  r e s p i r a t o r y  system t o  a new l e v e l  of funct ioning i n  o rde r  t o  
maintain constant  t h e  gas composition o f  t h e  i n t e r n a l  medium, f o r  example by 
deeper breathing.  The e x t e r n a l  man i fe s t a t ion  o f  t h e  changes i n  l e v e l  of 
funct ioning of t h e  r e s p i r a t o r y  system w i l l  be an inc rease  i n  t h e  d i f f e r e n c e  Am 

between t h e  maximum and minimum values  of  t h e  PG o f  t h e  r e s p i r a t o r y  cycle .  In  
t h i s  example, A i s  an o b j e c t i v e  i n d i c a t o r ,  adequately r e f l e c t i n g  t h e  l e v e lm 
o f  a c t i v i t y  (depth of r e s p i r a t i o n )  of t h e  r e s p i r a t o r y  system. With unchanged 
e x t e r n a l  pe r tu rba t ion ,  t h e  depth of  r e s p i r a t i o n ,  and consequently t h e  va lue  of  
Am, should remain constant ;  however, i n  a c t u a l i t y ,  due t o  va r ious  types of  

random f a c t o r s ,  it f l u c t u a t e s .  In  connection with t h i s ,  i n  o rde r  t o  eva lua te  
t h e  func t iona l  l e v e l  of  t h e  system it i s  d e s i r a b l e  t o  s e l e c t  a c h a r a c t e r i s t i c  
which would be independent o r  only weakly dependent on random f a c t o r s .  F o r  
ergodic  processes ,  one such c h a r a c t e r i s t i c  i s  t h e  mean value,  determined over 
a r a t h e r  extensive pe r iod  o f  t ime; t h e  g r e a t e r  t h e  time i n t e r v a l ,  t h e  less t h e  
dependence of a given c h a r a c t e r i s t i c  on random in f luences .  With un l imi t ed  
inc reases  i n  t h e  i n t e r v a l ,  t h e  averaged mean va lue  of t h e  ergodic process  
approaches i t s  l i m i t i n g  value,  t h e  mathematical expectat ion.  Thus, t h e  
mathematical expectat ion o f  an ergodic  process  i s  an i n d i c a t o r  c h a r a c t e r i z i n g  
t h e  level o f  t h e  func t iona l  s t a t e  of t h e  system being inves t iga t ed .  

An analogous c h a r a c t e r i s t i c  i n  t h e  mean i s  t h e  d i s p e r s i o n  o f  a process ,  
which ref lects  t h e  degree of  f l u c t u a t i o n  o f  values  of t h e  phys io log ica l  
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i n d i c a t o r  about t h e  mathematical expec ta t ion .  The r e l a t i o n s h i p  of  d i spers ion  
t o  mathematical expec ta t ion  can be used t o  c h a r a c t e r i z e  t h e  s t a b i l i t y  of  t h e  
funct ioning of  a system, lower va lues  of t h e  r a t i o  corresponding t o  h igher  
s t a bi1it y  . 

Numerically, d i spe r s ion  is  equal t o  one o f  t h e  va lues  of t h e  c o r r e l a t i o n  
funct ion,  namely t h e  va lue  with t h e  argument of t h e  c o r r e l a t i o n  func t ion  equal 
t o  zero. I n  comparison with t h e  d i spe r s ion  i n  t h i s  case t h e  c o r r e l a t i o n  
func t ion  is a more genera l  p r o b a b i l i s t i c  c h a r a c t e r i s t i c ,  e s t ab l i sh ing  t h e  
r e l a t i o n s h i p  between preceding and subsequent va lues  o f  t h e  process ,  f o r  which 
it is ca lcu la ted .  For a broad class of  ergodic  processes ,  t h e  absolu te  va lue  
o f  c o r r e l a t i o n  func t ion  decreases  without l i m i t  t o  zero as argument T 
approaches i n f i n i t y  (L ivsh i t s ,  Pugachov, 1963) so  t h a t  w e  can always /42
i n d i c a t e  a time i n t e r v a l  T 0’ af te r  which t h e  c o r r e l a t i o n  func t ion  w i l l  be  

p r a c t i c a l l y  equal t o  zero.  

For a random process  with normal d i s t r i b u t i o n ,  t h e  p r a c t i c a l  absence of 
c o r r e l a t i o n  i n d i c a t e s  t h e  p r a c t i c a l  absence of  any r e l a t i o n s h i p  between non
c o r r e l a t e d  readings  of  t h e  process .  This means t h a t  t h e  s t a t e  of  t h e  system 
up t o  moment i n  time tk ’  cha rac t e r i zed  by va lue  of  t h e  phys io logica l  i nd i 

c a t o r  + ( tk ) has no p r a c t i c a l  in f luence  on t h e  s t a t e  of  t h e  system a t  moment i n  

time ( t k  + T ~ ) ,  charac te r ized  by + ( tk + T ~ ) ,  and i n  t h i s  sense t h e  values of 

$ ( t k )  and + ( t k  + T 0) a r e  considered independent. For a process  with monoton

ous co r re l a t ion  funct ion,  t h e  dependence between readings $ ( t k )  and + ( t k  + At) 

increases  with decreasing A t ,  where 0 G A t  < T ~ .  

From the  po in t  of  view o f  information theory ,  a decrease i n  A t  means a 
decrease i n  the  quan t i ty  of information produced by observat ion at moment 
tk + A t  and added t o  the  information ava i l ab le  at  moment tk. This i s  

explained by t h e  fact  t h a t  with decreasing A t  wi th  otherwise equivalent  
condi t ions,  t he  p r o b a b i l i t y  of an e s s e n t i a l  devia t ion  of  + ( tk + At) from + ( t k )  

i s  decreased; i n  o ther  words, readings separa ted  by i n t e r v a l  A t  w i l l  corre
spond i n  value t o  t h e  expected and p red ic t ed  values  on t h e  b a s i s  o f  informa
t i o n  on the  c o r r e l a t i o n  func t ion  and + ( t k )  most f requent ly .  I n  connection 

with t h i s ,  a problem arises: i s  it not poss ib l e ,  without e s s e n t i a l  l o s ses  of  
information, t o  r ep lace  continuous t e s t i n g  of  a process being inves t iga t ed  
with d i s c r e t e  t e s t i n g  i n  order  t o  reduce the  experimental ma te r i a l  and, 
consequently, t he  volume of computational work, which i s  a f a c t o r  of  no l i t t l e  
importance i n  p r a c t i c a l  app l i ca t ions .  Actual ly ,  f o r  many prcjcesses t h i s  can 
be done. Thus, f o r  random processes  with exponential  c o r r e l a t i o n  func t ion  

B ( T )  = Ae-aT i n  determining t h e  mathematical expectat ion m from experimental 
d a t a  by adding evenly spaced values  of t he  process ,  i n t e r v a l  A t  must be 
se l ec t ed  equal t o  time tM,over which t h e  normalized c o r r e l a t i o n  funct ion 

decreases t o  0 .2 .  Replacement of continuous t e s t i n g  of  a random process with 
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d i s c r e t e  t e s t i n g  with i n t e r v a l  tM means t h a t  t h e  e r r o r  i n  determination of  t h e  

mathematical expectat ion i n c r e a s e s ,  b u t  by no t  more than  lo%,  i f  t h e  condi t ion 
olT > 50 ob ta ins  where T i s  t h e  length of t h e  i n t e r v a l  over  which determination 
of  t h e  mathematical expectat ion i s  performed. 

If a random process  has  nonmonotonously, decreasing normalized c o r r e l a t i o n  
func t ion  R ( T )  and i f  t h e  i n t e r v a l s  A t  between evenly spaced values of t h e  
random process i s  s e l e c t e d  not g r e a t e r  than t h e  time requ i r ed  f o r  R(T)  t o  
a t t e n u a t e  t o  a value o f  0.2 ( i t  is assumed t h a t  f o r  T g r e a t e r  than t h i s  t i m e ,  
a t t e n u a t i o n  I R ( T )  I G 0 . 2 ) ,  t h e  e r r o r  i n  t h e  determination o f  m w i l l  a l s o  be  
wi th in  acceptable  l i m i t s .  

I t  w i l l  be shown i n  t h e  following t h a t  t h e  processes i n v e s t i g a t e d  are o f  
t h i s  type: e i t h e r  t h e  c o r r e l a t i o n  funct ion i s  near  exponent ia l ,  o r  t h e  /43
c o r r e l a t i o n  funct ion i s  nonmonotonous, but  without sharp jumps. 

When i t  is  necessary t o  determine t h e  dispers ion of  a random process on 
t h e  b a s i s  of  experimental d a t a  by adding evenly spaced values ,  t h e  d i s c r e t i z a 
t i o n  s t e p  A t  should be  s e l e c t e d  equal t o  t h e  t i m e  i n  which t h e  normalized 

c o r r e l a t i o n  funct ion R ( T )  = Ae-'lT decreases  t o  0 .45 ,  i n  which case  t h e  e r r o r  
due t o  replacement of  t h e  continuous random process with t h e  d i s c r e t e  process 
w i l l  a l s o  not  exceed 10% (L ivsh i t s ,  Pugachov, 1963). 

Sequence o f  Readings o f  c1 Rhythm In t eg ra to r  

The behavior o f  random q u a n t i t i e s  and random funct ions can b e  described 
by t h e i r  p r o b a b i l i t y  c h a r a c t e r i s t i c s .  An i d e a  of  t h e s e  c h a r a c t e r i s t i c s  can be 
produced on t h e  b a s i s  of  processing o f  t h e  necessary experimental d a t a  
produced as a r e s u l t  of  performance of  observations of random q u a n t i t i e s  and 
funct ions of i n t e r e s t .  

In  t h e  following, i n  c o n t r a s t  t o  t h e  t h e o r e t i c a l  o r  t r u e  p r o b a b i l i t y  
c h a r a c t e r i s t i c s ,  t h e i r  e s t ima tes  produced on t h e  b a s i s  of  experimental d a t a  
w i l l  be c a l l e d  s t a t i s t i c a l  o r  sampling c h a r a c t e r i s t i c s .  

The b a s i s  of t h e  methods o f  determination o f  es t imates  i s  t h e  l a w  o f  
l a r g e  numbers, i n  correspondence t o  which when a l a r g e  number of  experiments 
has been performed, p o s s i b l e  dev ia t ions  of  t h e  mean value of r e s u l t s  o f  
experiments from the  corresponding mathematical expectat ion of  t h e  parameter 
i n v e s t i g a t e d  f r equen t ly  become small, i . e .  t h e  estimates approach t h e  true 
values of t h e  numerical c h a r a c t e r i s t i c s  of  t h e  d i s t r i b u t i o n .  

The performance of a l a r g e  number of experiments involves  considerable  
expenditures of t i m e  and funds,  and i n  many cases d i f f i c u l t i e s  of  p r i n c i p l e :  
f o r  example, when t h e  ob jec t  of  i n v e s t i g a t i o n  i s  a b i o l o g i c a l  system, it is  
n a t u r a l  t o  w a n t  t o  produce s t a t i s t i ca l  c h a r a c t e r i s t i c s  as c l o s e  as poss ib l e  t o  
t h e  corresponding p r o b a b i l i t y  c h a r a c t e r i s t i c s ,  from t h e  least  p o s s i b l e  
q u a n t i t y  o f  experimenta1 d a t a .  
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S3.4. Correlat ion Proper t ies  o f  Sequence o f  Readings o f  a Rhythm In tegra tor  

I n  beginning our  ana lys i s  of t h e  c o r r e l a t i o n  p rope r t i e s  of  a random 
sequence of a rhythm i n t e g r a t o r  readings,  l e t  us agree t o  represent  t h e  random 
sequence o f  readings of t h e  a rhythm i n t e g r a t o r  by Z( tk) , understanding by 

Z(tk) t h e  funct ion,  t h e  values  of which a t  d i s c r e t e  moments i n  time tk 
(k = l J ' 2 y . . . y n )  are random q u a n t i t i e s .  The sequence of concrete  readings of /44
readings of t h e  a rhythm i n t e g r a t o r  produced as a r e s u l t  of performance of  t h e  
i - t h  experiment w i l l  be  represented by 5. ( tk ) o r ,  i n  expanded form,i 

The c o r r e l a t i o n  funct ion i s  one of  t h e  main p r o b a b i l i t y  c h a r a c t e r i s t i c s  
of t h e  random process .  I t  i s  wel l  known t h a t  the  assignment of t h e  co r re l a 
t i o n  funct ion alone f u l l y  charac te r izes  t h e  s t a b l e  Gaussian process;  i n  many 
cases ,  t h i s  i s  a l s o  s u f f i c i e n t  f o r  a desc r ip t ion  of p rope r t i e s  of  t h e  process 
with d i s t r i b u t i o n  o t h e r  than normal (Kharkevich, 1965; Levin, 1966). For a 
d i s c r e t e  process ,  an estimate o f  t h e  c o r r e l a t i o n  func t ion  B ( T ~ )  could be t h e  

s t a t i s t i c a l  c o r r e l a t i o n  funct ion B*O (T,) ,  determined by t h e  following formula: 

(3.4.1) 

where m Z i s  t h e  mathematical expectat ion of t h e  random sequence Z(tk) ;  T~ i s  

t h e  t i m e  s h i f t ;  -rk+s - %  = Ts = A t o s ;  n i s  t h e  number of terms i n  t h e  random 

sequence Z( tk) ;  k i s  t h e  number of  term Z(tk) .  

In p r a c t i c e  i n  determining t h e  s ta t i s t ica l  c o r r e l a t i o n  funct ion of t he  
random process,  i t s  mathematical expectat ion i s  not  known; the re fo re ,  i n  
formula (3.4.1) , mZ i s  replaced by the  s t a t i s t i ca l  mathematical expectat ion 

m X Z .  The es t imate  of t h e  co r re l a t ion  func t ion  then takes  on t h e  form 
11--s 

(3 .4 .1 ' )  

where 
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Here, if n i s  g r e a t  enough, t h e  s t a t i s t i c a l  c o r r e l a t i o n  funct ion 
B * o ( ~ s )  (3.4.11) w i l l  d i f f e r  l i t t l e  from t h e  true c o r r e l a t i o n  funct ion B(-cs) 

(L ivsh i t s ,  Pugachov, 1963). Dividing expression (3.4.11) by B*O(0), w e  

produce estimate R* o (T s ) of t h e  normalized c o r r e l a t i o n  func t ion  R ( T  
S
) :  

(3.4.2) 

In  o r d e r  t o  c a l c u l a t e  t h e  values of  t h e  normalized s t a t i s t i c a l  c o r r e l a - /45
t i o n  funct ion using concrete  experimental r e s u l t s ,  w e  u se  t h e  formula 

1 1 - s  

I 2  2 [ C  (f);)-- > I L ]  [; ( l k l S- r , r ; ]  
]('(T,$) ::: ..!'=I .. . . . 

? I  1 

(I2 -s) 2' I j(f7;)- ? & ] 2  (3.4.3) 
I ;  1 

where 

For sequence Z (t,) , t h e  normalized s t a t i s t i c a l  c o r r e l a t i o n  funct ions 

R * ( r s )  were ca l cu la t ed  from t h e  r e l a t i v e l y  long r e a l i z a t i o n s  <(t , ) ,  t h e  

q u a n t i t y  of  readings n being over  50. The s t a t i s t i c a l  c h a r a c t e r i s t i c s  R * ( T ~ ) ,  

c a l c u l a t e d  using formula (3.4.3) ,  a r e  presented on Figures 15-18. 

We can s e e  from t h e s e  f i g u r e s  t h a t  t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  R * ( T  )
S 

f o r  each person i n  t h e  s t a t e  of "operative r e s t "  (see Figures 15 and 1 7 ) ,  as 
w e l l  as i n  t h e  s t a t e  o f  "a t t en t ion"  (see Figures 16, 18) have considerable  
q u a l i t a t i v e  s i m i l a r i t y .  

One s p e c i f i c  o f  t h e  c h a r a c t e r i s t i c s  R*(T 
S 
) is  t h e i r  r a p i d  a t t enua t ion  

with inc reases  i n  t h e  argument. An unl imited decrease o f  t h e  modulus o f  t h e  

c o r r e l a t i o n  func t ion  o f  t h e  s t a b l e  random process as argument ( T )  + (a) 


i n d i c a t e s  t h e  ergodic  property of t h e  process ,  allowing averaging using t h e  /47

se t  o f  r e a l i z a t i o n s  t o  b e  r ep laced  by averaging using one r e a l i z a t i o n  over a 

s u f f i c i e n t l y  long, bu t  f i n i t e ,  t i m e  i n t e r v a l .  
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F i g u r e  15 

F i g u r e  17 

F i g u r e  16 

In t h e  cases  analyzed, 
a t t e n u a t i o n  o f  R*(T  ) occurs so 

S 

r a p i d l y  t h a t  neighboring readings 
o f  r e a l i z a t i o n  < ( t k )  can b e  

considered noncorrelated where 
A x 0 . 2 .  The sense o f  constants  A 
w i l l  be  explained below ( 3 . 4 . 6 ) .  

I t  i s  considered t h a t  readings 
C(t,)  and <(tk+ T )  are p r a c t i c a l l y  

noncorrelated i f  T > T 0' where T 

( c o r r e l a t i o n  i n t e r v a l )  i s  de te r 
mined by ( 3 . 4 . 4 ) ,  ( 3 . 4 . 5 ) :  

o r  
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(3.4.5) 


(Kharkevich, 1965). 

Determination of  (3.4.4) and 
(3.4.5) i s  convenient i n  those  
cases when t h e  integrand i s  not 
negat ive.  In  those  cases when t h e  
c o r r e l a t i o n  func t ion  f l u c t u a t e s  
about t h e  absc i s sa ,  t h e  c o r r e l a t i o n  
time i s  def ined as t h e  value o f  t h e  
argument f o r  which t h e  abso lu te  
value of t h e  normalized s t a t i s t i c a l  
c o r r e l a t i o n  funct ion i s  equal t o  
f i x e d  q u a n t i t y  A and where T > T 

remains l e s s  than A: 

Figure 18 

where 

$ ( y )  i s  t h e  inve r se  funct ion o f  modulus R ( T ) .  

In o rde r  t o  inc rease  t h e  r e l i a b i l i t y  o f  t h e  value o f  normalized 
s t a t i s t i c a l  c o r r e l a t i o n  funct ion f o r  determinat ion o f  t h e  values  of t h e  
c o r r e l a t i o n  i n t e r v a l  (3 .4 .6) ,  w e  u se  d a t a  from s e v e r a l  r e a l i z a t i o n s  produced 
i n  m independent experiments. The expressions f o r  s t a t i s t i c a l  c o r r e l a t i o n  
func t ion  B* m ( T  s ) and s t a t i s t i c a l  d i spe r s ion  D*m f o r  c a l c u l a t i o n  using t h e  

d a t a  o f  m r e a l i z a t i o n s  of  random sequence Z(tk) has t h e  form (L ivsh i t s ,  

Pugachov, 1963) : 
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(3.4.7) 

(3.4.8) - //48 

Let us c a l c u l a t e  t h e  normalized s ta t i s t ica l  c o r r e l a t i o n  funct ion 

(3.4.9) 

We introduce t h e  symbols: 

(3.4.10) 

(3.4.11) 

Let us  s u b s t i t u t e  (3.4.7) and (3.4.8) i n t o  (3.4.9) considering (3.4.10) 
and (3.4.11): 

(3.4.12) 

From t h e  expression 

? I . - s 

34 




1 1 .  ( I t ;  - -  .s) 

Ci 1'1 - i s  the weight c o e f f i c i e n t  1 j , ,  _ _  

L' 1 , .  

I . !  ' 
\ 1  /! - - I r i s  
--

; i 

- -  
. 

L 1 
1 1 

f o r  t h e  s ta t i s t ica l  c o r r e l a t i o n  funct ion and s ta t i s t ica l  d i spe r s ion ,  
ca l cu la t ed  us ing  t h e  i - t h  r e a l i z a t i o n  of  random process Z ( t k ) ,  w e  f i n d  

Let us s u b s t i t u t e  t h e  values  produced f o r  Ci and 8 i n  (3.4.12) and, 

a f te r  t ransformation , w e  produce 
m
\I ? b i l l - s ! ~ i l t iL. (rs) 


i -1 /lb, (TS) = T r l  

1-\:?";u; (3.4.13) 
i L 


where /49 
1 1 .  ( I t ;  .s) 

1 .j , ,  
I . !  

_ _  
' Ci 1'1 - i s  the weight c o e f f i c i e n t  

L' 1 , .  \ 1  /! - - I r i s  
- 1 - L 

; 1 i 1 

With i d e n t i c a l  i n t e r v a l s  o f  determinat ion of  r e a l i z a t i o n s  of  random 
process Z(t k ) ,  equal t o  n*At(n1 = n 2 = ... = nm),, t h e  expression f o r  t h e  

normalized s t a t i s t i c a l  c o r r e l a t i o n  funct ion R*(-cs) w i l l  have t h e  form 

(3.4.14) 

where 

On Figures 19-22, t h e  s o l i d  l i n e s  show t h e  normalized s t a t i s t i c a l  
c o r r e l a t i o n  funct ions of random sequence Z(tk) f o r  t h e  s t a t e  of  ope ra t ive  rest 

(Figure 19, 21) and a t t e n t i o n  (Figure 20, 22) o f  two tes t  s u b j e c t s  (V. R. and 
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I,. L . ) ,  c a l cu la t ed  us ing  t h e  general  formula (3.4.13) u t i l i z i n g  r e a l i z a t i o n s  
presented on Figures 15-18. A comparison of c h a r a c t e r i s t i c s  R*(r ) f o r  t h e  

S 
state  of opera t ive  res t  (see Figure 19, 21) and t h e  s t a t e  of  a t t e n t i o n  (see 
Figure 20, 22) shows t h a t  t h e  random sequence Z(tk)  i n  t h e  s ta te  of  opera t ive  

rest  has  a tendency t o  g r e a t e r  c o r r e l a t i o n  than  t h e  s t a t e  of  a t t e n t i o n ,  t h e  
readings < ( tk ) and < ( tk+ l )  being p r a c t i c a l l y  noncorrelated i n  t h e  sense o f  

condi t ion  (3.4.6) where A G 0.1. 

An i dea  of  t h e  r e l i a b i l i t y  and accuracy of  t h e  normalized s ta t i s t ica l  
c o r r e l a t i o n  func t ion  R*(rs) can be composed by ca l cu la t ing ,  f o r  example using 

t h e  values  of R*(ri) of t h e  func t ion  R*(rs), t h e  confidence boundaries 

de f in ing  t h e  i n t e r v a l s  i n  which t h e  unknown t r u e  va lues  of t h e  normalized 
c o r r e l a t i o n  func t ion  R ( T ~ )o f  random sequence Z(tk)  are to be found with t h e  

requi red  p r o b a b i l i t y  ( r e l i a b i l i t y ) .  For a symmetrical confidence i n t e r v a l ,  
i ts  width 2~ i s  def ined  by t h e  condi t ion 

(3.4.15) 

where PI  } i s  t h e  p robab i l i t y  o f  fu l f i l lmen t  o f  t h e  inequa l i ty  included i n  t h e  
braces ;  a i s  t h e  va lue  o f  p robab i l i t y  cha rac t e r i z ing  t h e  r e l i a b i l i t y  of t h e  
approximate e q u a l i t y  R*(r.)  X R(ri);  E i s  t h e  confidence i n t e r v a l  boundary.
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With known d ispers ion  DR f o r  R*(ri) and f ixed  p r o b a b i l i t y  a, t h e  value of /51 

E i s  determined by t h e  formula 

(3.4.16: 

where z i s  a quan t i ty  corresponding t o  t h e  f ixed  l e v e l  of p r o b a b i l i t y .a 

For c e r t a i n  q u a n t i t i e s  a ,  w e  present  below va lues  z = z a f o r  Z,  following 

t h e  normal d i s t r i b u t i o n  
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More d e t a i l e d  information concerning t h e  t a b l e  o f  values  of  t h e  p robab i l 
i t y  i n t e g r a l  

can be found i n  t h e  works o f  V.  V.  Nalimov (1960), A.  K .  Mitropol 'skiy (1956), 
I .  V .  Dunin-Barkovskiy and N.  V.  Smirnov (1955), e t c .  

For an ergodic ,  random process ,  any r e a l i z a t i o n  has p r o p e r t i e s  of t h e  
e n t i r e  s e t ,  and t h e r e f o r e  t h e  r e s u l t  of t i m e  averaging performed on one 
r e a l i z a t i o n  corresponds with t h e  corresponding mean f o r  t h e  s e t  a t  any moment 
i n  t i m e .  I n  p a r t i c u l a r ,  f o r  t h e  ergodic  process  we have 

where t h e  l e f t  po r t ion  of t h e  e q u a l i t y  contains  t h e  mathematical expectat ion 
o f  t h e  product o f  two centered random q u a n t i t i e s  as values  of t h e  ergodic 
random process X(t) f o r  moments o f  t i m e  t and t + T ;  t h e  r i g h t  po r t ion  
contains  t h e  t i m e  average with r e spec t  t o  one r e a l i z a t i o n  of  t h e  product o f  
values  o f  t h e  process X(t) ,  d i f f e r i n g  i n  t i m e  by t = T (Levin, 1966). 

Thus, i f  t h e  ergodic  random process X(t) i s  r ep resen ted  by a continuum o f  
random q u a n t i t i e s  X( t l ) ,  X( t2 ) ,  ..., X(tm) o r  more b r i e f l y ,  X1, X 2 ,  ..., Xm, 

then t h e  sequence o f  readings R(-rl), R ( T ~ ) ,  ..., R ( T ~ )of  t h e  normalized /52 
c o r r e l a t i o n  funct ion R ( r )  can be  i n t e r p r e t e d  i n  t h e  form o f  t h e  series 


'i ( i + l ) 9 P i ( i + 2 ) '  * . . >  P i ( i + v ) '  (v = k - i )  p a i r e d  c o r r e l a t i o n  c o e f f i c i e n t s  of  


random q u a n t i t i e s  (Xi' 
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F i g u r e  19 

F i g u r e  22 
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The sampling c h a r a c t e r i s t i c s ,  ca l cu la t ed  from experimental d a t a ,  due t o  
t h e  t i m e  l i m i t a t i o n s  o f  a c t u a l  observat ions,  w i l l  of  course be random i n  
na tu re  and w i l l  d i f f e r  from t h e  t r u e  c h a r a c t e r i s t i c s  of  t h e  process being 
inves t iga ted .  Thus, t h e  value of t h e  normalized s t a t i s t i c a l  c o r r e l a t i o n  
func t ion  R*(T) with a change i n  (T) g r e a t e r  than  (or equal t o )  t h e  c o r r e l a t i o n  
i n t e r v a l  (T 0) may be o the r  than  zero.  In  order  t o  estimate t h e  r e l i a b i l i t y  

and p rec i s ion  of t h e  va lues  o f  R(T), w e  construct  t h e  confidence boundaries,  
consider ing t h e  ergodic  p r o p e r t i e s  of random process X(t), us ing t h e  confid
ence boundaries f o r  t h e  sampling co r re l a t ion  coe f f i c i en t  r .  

For  p a i r s  o f  random q u a n t i t i e s  d i s t r i b u t e d  normally, t h e  expression f o r  
d i spers ion  D- of  t h e  s t a t i s t i ca l  c o r r e l a t i o n  c o e f f i c i e n t  r has  t h e  following

L 


form with an accuracy t o  terms on the  order  of  n -3’2 (Kramer, 1948) 

(3.4.17) 

where p i s  t h e  t r u e  c o r r e l a t i o n  c o e f f i c i e n t .  

The va lue  of p i s  not always known; t h e r e f o r e ,  i n  p lace  o f  expression 
(3.4.17),  we use e i t h e r  formula (3.4.18) with a s u f f i c i e n t l y  l a rge  sample 

/)  ,__ ( I  -. r?)? (3.4.18)I’ .. - .-
I 1  ’ 

or use t h e  upper es t imate  Dr of d i spers ion  Dr of t h e  s t a t i s t i c a l  co r re l a 
max 

t i o n  c o e f f i c i e n t  r, produced from (3.4.17):  p 2  > 0 ,  t he re fo re  where p = 0 ,  
D = D r  ;r max 

I t  should be noted t h a t  estimate (3.4.18) i s  r e l i a b l e  only when t h e  
sample, d i s t r i b u t e d  normally, has  volume n very l a r  e and p 2  no t  near  un i ty .  
If t h e  va lue  of n i s  only moderately l a r g e  and i f  p5  i s  near  u n i t y  (an 
ind ica t ion  of  t h i s  i s  t h a t  r2 i s  near  u n i t y ) ,  d i spe r s ion  (3.4.17) o f  t he  
sampling c o r r e l a t i o n  c o e f f i c i e n t  r may d i f f e r  s i g n i f i c a n t l y  from t h e  p r e c i s e  
value of d i spers ion  f o r  r (van de r  Waarden, 1960). V. I .  Romanovskiy (1947) 
recommends t h a t  formula (3.4.18) be used f o r  n 2 50. 
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Let us rewrite (3.4.15) consider ing (3.4.18) and (3.4.16) 	 /53 

I 

J?'? (.ti)]< i f  ( ~ ~ j<II' (-ci) f 

(3.4.20) 

Equation (3.4.20) allows us t o  cons t ruc t  confidence boundaries f o r  R( -c . ) .
1 

From (3.4.20), w e  produce t h e  following expressions f o r  t h e  upper and lower 
confidence boundaries:  

IC' ( 7  i )  - (3.4.21) 

(3.4.22) 

Figures 19-22 show t h e  confidence boundaries ca l cu la t ed  by formulas 
(3.4.21) and (3.4.22) with t h e  dot ted  l i n e s .  The confidence zone bounded by 

( T . )  should be  understood as t h e  zone with random upper and lowerRZ (T i ) and Ru 1  
boundaries which covers t h e  t rue normalized c o r r e l a t i o n  funct ion with 
p robab i l i t y  a. Figures 19-22 show t h e  confidence zones constructed f o r  
z = 1.5, which corresponds t o  confidence p r o b a b i l i t y  a = 0.8664 (see p.  36).a 

Let us  now look i n t o  t h e  sense of t h e  note  made ea r l i e r  concerning t h e  
p r a c t i c a l  noncorre la t ion  of neighboring readings of  t h e  process inves t iga ted ,  
based on t h e  d e f i n i t i o n  of co r re l a t ion  time using formula (3.4.6) where 
A G 0.1. Put t ing  f o r t h  t h e  zero hypothesis H0 

of independence of readings 

(H0 : p  = 0 ) ,  l e t  us cons t ruc t  t h e  c r i t i c a l  area i n  t h e  form 

(3.4.23) 

with l e v e l  o f  s ign i f i cance  q = 1 - a.  In  s ta t i s t ica l  ana lys i s ,  with a 
c e r t a i n  degree o f  a r b i t r a r i n e s s ,  only those  divergences , t h e  p robab i l i t y  of  
which q < 0.01 are considered s i g n i f i c a n t ,  assuming t h a t  from the  p r a c t i c a l  
po in t  of view t h e  appearance of events with t h i s  low p robab i l i t y  can be  
ignored (Nalimov, 1960). P robab i l i t y  q is  c a l l e d  t h e  level  of s ign i f i cance .  
The lower t h e  l e v e l  of s ign i f i cance ,  t h e  lower t h e  p robab i l i t y  t h a t  t h e  
hypothesis  w i l l  b e  negated, when it i s  t r u e ;  however, with decreasing l e v e l  of  
s ign i f i cance ,  t h e  area of permissible  values expands and t h e  p robab i l i t y  of  
t h e  zero hypothesis  being accepted when not t rue  increases .  
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If t h e  value of  r -p roduced  from experimental d a t a  f a l l s  i n  t h e  c r i t i ca l  
area, hypothesis  HO:p = 0 should be  negated with level  of s i g n i f i c a n c e  q. 

For t h e  value za = 1.5, corresponding t o  a more r i g i d  l e v e l  o f  s i g n i f - 	 /54 
icance q = 1 - a = 0.1336, according t o  (3.4.23), we can calculate t h e  
c r i t i ca l  values  f o r  R * ( T ~ ) .  Considering small (beginning with t h e  t h i r d )  

values of t h e  normalized s ta t i s t ica l  Cor re l a t ion  func t ions ,  i n  p l a c e  of 

w e  c a l c u l a t e  

using t h e  upper estimate o f  d i spe r s ion  o f  t h e  s t a t i s t i c a l  c o r r e l a t i o n  
c o e f f i c i e n t  (3.4.19). For t h e  s t a t e  o f  a t t e n t i o n  (see Figure 20, 22),  t h e  
c r i t i c a l  values are 0.135 and 0.1 r e s p e c t i v e l y .  The values  of R * ( T ~ ) ,as we 

see ,  do not  exceed t h e  c r i t i c a l  values  and, consequently, t h e  hypothesis o f  
independence o f  readings of  random sequence Z(tk)  is expected as noncontra

d i c t o r y  t o  t h e  experimental d a t a  with l e v e l  o f  s i g n i f i c a n c e  0.13. For t h e  
s t a t e  o f  ope ra t ive  rest  (see Figure 19, 2 1 ) ,  t h e  c r i t i ca l  values ,  equal t o  
0.12 and 0.125 r e s p e c t i v e l y ,  a r e  s l i g h t l y  increased by t h e  second readings 
R* ( T ~ ) ,i n d i c a t i n g  weak c o r r e l a t i o n  of neighboring readings o f  random sequence 

For t h e  s t a t e  of  a t t e n t i o n ,  t he  no te  i n d i c a t i n g  noncorrelat ion of  
readings Z(tk) (see Figure 20, 22),  separated by d i s t a n c e  T where A = 0.1 

(3.4.6),  means t h a t  t h e  experimental d a t a  do not con t r ad ic t  t h e  a f f i rma t ion  of  
absence o f  c o r r e l a t i o n  connections between readings separated by i n t e r v a l  T, 
with s u f f i c i e n t l y  high l e v e l s  of s i g n i f i c a n c e  0.1336 (see Figure 20) and 
0.2501 (see Figure 22)'.  For ope ra t ive  rest ,  hypothesis HO:p = 0 is a l s o  not  

negated where q = 0.003 (see Figure 19) and q = 0.0674 (see Figure 21). The 
p r a c t i c a l  absence of  c o r r e l a t i o n  dependence between readings o f  random 
sequenc,e Z (t,) d i s t r i b u t e d  normally, which w i l l  b e  demonstrated below, means 

t h a t  t h e  readings are p r a c t i c a l l y  independent and t h a t  a s u f f i c i e n t  
s ta t i s t ica l  c h a r a c t e r i z a t i o n  o f  t h e  random sequence can be  i t s  u n i v a r i a t e  
d i s t r i b u t i o n  r u l e .  

41 




.. . 

53.5. Estimate of  Univariate  D i s t r ibu t ion  R u l e  f o r  Values o f  Random Sequence  
of Readings of c1 Rhythm In t eg ra to r  

I t  was noted ear l ier  t h a t  t h e  s ta t i s t ica l  c h a r a c t e r i s t i c s  based on t h e  
usage o f  l i m i t e d  experimental material from observat ions are approximate 
estimates of  t h e  t rue  va lues  o f  t h e  parameters being s tud ied .  I n  connection 
with t h i s ,  it i s  q u i t e  important t o  know t h e  degree of p o s s i b l e  dev ia t ions  of 
s t a t i s t i ca l  c h a r a c t e r i s t i c s  from t h e  t rue va lues  o f  t h e  corresponding 
p r o b a b i l i t y  c h a r a c t e r i s t i c s  and t h e  p r o b a b i l i t y  with which t h e  true value of  
t h e  p r o b a b i l i t y  c h a r a c t e r i s t i c  w i l l  b e  wi th in  a given i n t e r v a l  r e l a t i v e  t o  t h e  /55 
s t a t i s t i c a l  c h a r a c t e r i s t i c ,  o r  t h e  i n t e r v a l  r e l a t i v e  t o  t h e  s t a t i s t i c a l  char
ac te r i s t ic  wi th in  which, with a given p r o b a b i l i t y ,  t h e  t r u e  value of t h e  
p r o b a b i l i t y  c h a r a c t e r i s t i c  w i l l  b e  found. I n  o rde r  t o  produce confidence 
p r o b a b i l i t i e s  o r  i n t e r v a l s ,  it i s  necessary t o  know t h e  d i s t r i b u t i o n  o f  t h e  
s tat  i st i ca l  char acte r i s t ic i n  quest  ion.  

The assumption o f  t h e  form o f  t h e  d i s t r i b u t i o n  i s  made on t h e  b a s i s  of 
c e r t a i n  t h e o r e t i c a l  i deas  concerning t h e  process  being i n v e s t i g a t e d  which 
always r e q u i r e  l a t e r  checking. Thus, i n  s t a t i s t i c a l  a n a l y s i s  o f  new exper
imental  material, f irst  o f  a l l  t h e  n e c e s s i t y  arises of e s t ima t ing  t h e  degree 
of  approximation of t h e  experimentally observed d i s t r i b u t i o n  t o  a c e r t a i n  
hypo the t i ca l  d i s t r i b u t i o n .  This empir ical  material, always based on a l imi t ed  
number o f  experiments, can be matched t o  a s e t  o f  t h e o r e t i c a l  d i s t r i b u t i o n s  
more o r  less s a t i s f a c t o r i l y  desc r ib ing  t h e  observat ions.  

However, i n  many cases t h e  hypothesis o f  normal d i s t r i b u t i o n  i s  accepted. 
On t h e  one hand, t h i s  i s  done s i n c e  a t  t h e  p re sen t  time t h e  mathematical 
apparatus f o r  random processes  whose values  are normally d i s t r i b u t e d  i s  most 
f u l l y  developed, while on t h e  o t h e r  hand random q u a n t i t i e s  encountered i n  
p r a c t i c e  do f r equen t ly  follow t h e  normal d i s t r i b u t i o n  r u l e .  Therefore,  i n  
t hose  cases when no p r i o r  knowledge concerning t h e  d i s t r i b u t i o n  of values  o f  
random processes being i n v e s t i g a t e d  i s  a v a i l a b l e ,  preference i s  n a t u r a l l y  
given t o  t h e  normal d i s t r i b u t i o n .  

In  o r d e r  t o  estimate t h e  degree of approximation o f  t h e  s t a t i s t i c a l  
d i s t r i b u t i o n  t o  t h e  t h e o r e t i c a l ,  t h e  conformity c r i t e r i o n  i s  used, t h e  most 
common of  which i s  t h e  Pearson c r i t e r i o n  (x2 c r i t e r i o n )  (Kramer, 1948) o r  t h e  
Kolmogorov-Smirnov c r i t e r i o n .  The usage o f  t h e  Kolmogorov’ c r i t e r i o n  
i s  d i s t ingu i shed  by i t s  s i m p l i c i t y ,  although it i s  app l i cab le  i n  t h e  case when 
t h e  hypothet ical  d i s t r i b u t i o n  i s  f u l l y  known from t h e o r e t i c a l  cons ide ra t ions ,  
i . e .  when we know no t  only t h e  form o f  t h e  d i s t r i b u t i o n  func t ion ,  b u t  a l l  o f  
t h e  parameters which it includes.  The measure of  t h e  divergence o f  

~. . . . . . . . . . . - - - . .-. .. . . . . . . . . . . - . . . . .  . ~. .~ 

The Smi-rnov c r i t e r i o n  is sim-ilar t o  t h e  Kolmogorov c r i t e r i o n .  The- Kolmogo
rov c r i t e r i o n  compares empir ical  and supposed t h e o r e t i c a l  i n t e g r a l  d i s t r i b u 
t i o n s .  The Smirnov c r i t e r i o n  compares two empir ical  i n t e g r a l  d i s t r i b u t i o n s  
(van d e r  Waarden, 1960). 
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s ta t i s t ica l  and t h e o r e t i c a l  i n t e g r a l  d i s t r i b u t i o n s  used i s  t h e  g r e a t e s t  va lue  
of absolute  magnitude o f  d i f f e r e n c e  D o f  t h e  s t a t i s t i c a l  and t h e o r e t i c a l

9 
i n t e g r a l  d i s t r i b u t i o n  funct ions : 

where h > 0 i s  t h e  argument of  t h e  Kolmogorov funct ion;  n i s  t h e  number o f  /56
observed values o f  random q u a n t i t y  X .  

The experimental value D of q u a n t i t y  D 
9 

i s  determined by t h e  formula 

where F*(x) i s  t h e  s t a t i s t i c a l  i n t e g r a l  d i s t r i b u t i o n  funct ion,  F(x) i s  t h e  
t h e o r e t i c a l  i n t e g r a l  d i s t r i b u t i o n  funct ion.  

With s u f f i c i e n t l y  l a r g e  n ,  t h e  following approximate r e l a t i o n s h i p  i s  
c o r r e c t :  

(3.5.3) 

o r  

(3.5.4) 

where K(A) i s  t h e  Kolmogorov d i s t r i b u t i o n  funct ion,  which is  t h e  l i m i t  
d i s t r i b u t i o n  o f  random q u a n t i t y  D& as n + 00. 

The values  of t h e  Kolmogorov func t ion  are presented i n  t h e  t a b l e s  (Arley 
and Bukh, 1951; Gnedenko, 1961; Gnedenko, Belyayev, Solov’yev, 1965). 

If w e  f i x  t h e  level  of s i g n i f i c a n c e  q = P(D > D
9

I ,  from t h e  condi t ions o f  

t h e  problem being solved with r e spec t  t o  K(X) = 1 - q, we determine t h e  value 
of A .  I f  it i s  found as a r e s u l t  of experimentation t h a t  D& < A ,  t h i s  
i n d i c a t e s  conformity o f  t h e  s t a t i s t i c a l  d i s t r i b u t i o n  t o  t h e  t h e o r e t i c a l  
d i s t r i b u t i o n .  

When t h e  Kolmogorov c r i t e r i o n  i s  used, it i s  assumed t h a t  t h e  theo re t 
ica l  funct ion F(x) i s  continuous,  while  t h e  S t a t i s t i c a l  func t ion  F*(x) i s  
constructed using nongrouped d a t a .  I n  p r a c t i c a l  a p p l i c a t i o n s ,  f o r  reasons ‘of  
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s i m p l i c i t y  of  ca l cu la t ions ,  w e  must use an approximation grouping values  of 
t h e  random quan t i ty  i n t o  s h o r t  intervals.  The grouping o f  da t a ,  as w e l l  as 
t h e  absence of information on parameters of t h e o r e t i c a l  . d i s t r i b u t i o n  F(x) 
before  experimentation when t h i s  c r i t e r i o n  i s  used f r equen t ly  lead  t o  over ly  
high conformity (Nalimov, 1960). I n  some works (Kutay, Kordonskiy, 1958, 
e t c . )  it i s  suggested,  on t h e  b a s i s  o f  p r a c t i c a l  experience,  t h a t  t h e  
divergence between s ta t i s t ica l  and t h e o r e t i c a l  d i s t r i b u t i o n s  be considered 
i n s i g n i f i c a n t  where q 2 0.6 i f  t h e  parameters of  t h e  t h e o r e t i c a l  d i s t r i b u t i o n  
are not  known i n  advance. Y a .  B.  Shor (1962) a l lows good agreement of  
func t ions  F*(x) and F(x) where q > 0.3-0.4. 

The x 2  c r i t e r i o n  i s  more cumbersome, bu t  allows determination of 
parameters of t h e o r e t i c a l  d i s t r i b u t i o n  F(x) using experimental  da t a .  The 
number of parameters used f o r  t h e  t h e o r e t i c a l  d i s t r i b u t i o n  i n  t h e  x2 c r i t e r i o n  
i s  considered by in t roduct ion  of  a co r rec t ion  i n  t h e  form of a corresponding 
decrease i n  t h e  number of  degrees o f  freedom of  t h e  x2 d i s t r i b u t i o n  i n  order  
t o  avoid an e leva ted  estimate of  conformity. A s  t h e  measure of  permiss ib le  
divergence between s t a t i s t i c a l  and t h e o r e t i c a l  d i s t r i b u t i o n  r u l e s ,  a va lue  of 
x2 i s  used, t h e  experimental value of which x 2  is  determined by t h e  formula 
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(3.5.5) 


where 2 i s  t h e  number of  pos i t i ons  i n t o  which a l l  experimental values  of 
quan t i ty  X a r e  divided;  n i s  t h e  number of observed values  of random quan t i ty  
X ;  m .  i s  t h e  number o f  values  of  random quan t i ty  X i n  t h e  i - t h  pos i t i on ;  pi i s  

1 


t h e  p r o b a b i l i t y  t h a t  X w i l l  s t r i k e  t h e  i n t e r v a l  o f  t h e  i - t h  p o s i t i o n ,  
ca l cu la t ed  f o r  t h e  t h e o r e t i c a l  d i s t r i b u t i o n .  

A s  n -+ m ,  d i s t r i b u t i o n  x2, regard less  of t h e  d i s t r i b u t i o n  of random 
quan t i ty  X, approaches t h e  x 2  d i s t r i b u t i o n  with k = 2 - r - 1 degrees o f  
freedom, where r i s  t h e  number o f  parameters of t h e  t h e o r e t i c a l  d i s t r i b u t i o n  
ca l cu la t ed  from t h e  experimental da t a .  

For a f i x e d  level of s ign i f i cance  q and k degrees of  freedom, using t h e  
t a b l e s  of  values  of p robab i l i t y  P{x2 > x 2 )  (Smirnov, Dunin-Barkovskiy, 1959;

9 
Nalimov, 1960; Gnedenko, 1961) w e  can f i n d  x2. If  t h e  value of  x2 ca lcu la ted  

9 
using formula (3.5.5) i s  less than  x2, t h e  divergence o f  experimental da t a  

9 
from t h e  hypothe t ica l  assumption concerning t h e  d i s t r i b u t i o n  i s  not  e s s e n t i a l .  

The Pearson c r i t e r i o n  must be used with some caut ion,  s ince  it i s  based 
not  on a s t r ic t  r u l e ,  but  on an approximation, which can be used only i n  t h e  
case when t h e  number of pos i t i ons  i s  not  less than f ive  and when f o r  a l l  
pos i t i ons  t h e  condi t ion npi 2 5-10 is  f u l f i l l e d .  Pos i t ions  with npi < 5-10 

should be jo ined  toge ther .  In  t e s t i n g  t h e  hypothesis  of normali ty ,  it i s  
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d e s i r a b l e  t h a t  t h e  number of observat ions be  no less than 50 (Nalimov, 1960; 
Smirnov, Dunin-Barkovskiy, 3959). 

Due t o  t h e  absence of  information on parameters o f  t h e  t h e o r e t i c a l  
d i s t r i b u t i o n  for random sequence Z(t  k), t h e  x2 c r i t e r i o n  was used t o  estimate 

values  o f  t h e  s ta t i s t ica l  d i s t r i b u t i o n .  The r e s u l t s  of t h e  estimates showed 
t h a t  t h e  d a t a  produced f o r  var ious persons both i n  s ta te  R and i n  s ta te  A 
d i d  not  con t r ad ic t  t h e  hypothesis of  t h e  d i s t r i b u t i o n  o f  t h e  values  of  Z(tk ) 

according t o  t h e  normal r u l e  with l e v e l  of  s i g n i f i c a n c e  q < 0.01. 

53.6. T h e  Problem of t h e  Normal Di s t r ibu t ion  of a Random Sequence of Readings 
of  t h e  ci Rhythm Indicator  

The a rhythm, converted i n t o  Z( tk) ,  i s  a complex o s c i l l a t i o n  o f  "sine-

wave" form with frequency f about 10 o s c i l l a t i o n s  p e r  second (Kozhevnikov,0 
Meshcherskiy, 1963), , t h e  amplitude of  which is  modulated by o s c i l l a t i o n s  /58
f l u c t u a t i n g  i n  amplitude and frequency (Figure 23, 24). On t h e  average, t h e  
frequency o f  t h e  modulating o s c i l l a t i o n  is  seve ra l  times l e s s  than f 0 '  The 

s p e c t r a l  band width of  t h e  de t ec t ed  c1 rhythm i s  approximately 

where T i s  t h e  c o r r e l a t i o n  t i m e  f o r  t h e  c1 rhythm.
0 Where T~ = (0.5-1) s ec ,  

A f  = (1-2) Hz. 

Figure 23 

Figures 25 and 26 show t h e  smoothed s p e c t r a l  es t imates  FT(f) of  t h e  ci 

rhythm (see 54.1) f o r  t h e  s t a t e  o f  rest  and t h e  s ta te  of  a t t e n t i o n  of t h e  t e s t  
s u b j e c t  r e spec t ive ly ,  c a l c u l a t e d  from r e a l i z a t i o n s  of  t h e  ci rhythm (see 
Figure 23,  24)- 1 7  sec i n  du ra t ion  with a maximum s h i f t  of  t h e  c o r r e l a t i o n  
funct ion o f  5 sec. We can see from t h e s e  graphs (Figures 25, 26) t h a t  t h e  
g r e a t e s t  values  o f s p e c t r a l  d e n s i t y  o f  t h e  ci rhythm, corresponding t o  t h e  
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condi t ion FT(f) > 1 / 2  max FT ( f )  , i s  concentrated i n  t h e  frequency band A f  , 
which i s  1.5-2.0 Hz i n  width.  

The pass band of t h e  i n t e g r a t i n g  device Z i s  AF % 0.5/T, where T i s  t h e  
i n t e g r a t i o n  time (54.2) .  Where T = 10 sec ,  AF % 0.05 Hz. 

Figure 24 

6ill 

;; I 

F i g u r e  25 Figure 26 

We know t h a t  i n  those  cases  when t h e  frequency band o f  t h e  process a t  t h e  /59 
input  of  t h e  l i n e a r  system i s  much broader  than  t h e  pass  band of the  system, 
t h e  process at  t h e  output  always has a tendency t o  normalizat ion,  i . e .  i t s  
d i s t r i b u t i o n  func t ion  r a t h e r  c lose ly  approximates t h e  normal r u l e  (Levin, 
1966). I n  o t h e r  words, f o r  normalizat ion of t h e  process  t h e  condi t ion 
Af/AF 9 1 must be f u l f i l l e d .  We have Af/AF = (1-2)/0.05 = 20-40. 

These cons idera t ions  increase  t h e  cor rec tness  of  s ta t i s t ica l  conclusions 
of  t h e  normal d i s t r i b u t i o n  of random sequences of readings o f . t h e  c1 rhythm 
i n t e g r a t o r .  

53.7. Estimate o f  Signal Charac t e r i s t i c s  o f  Attent ion 

In  ana lys i s  o f  s ta t i s t ica l  normalized c o r r e l a t i o n  func t ions ,  w e  noted 
some d i f f e rence  of  t h e s e  func t ions  with var ious  s t a t e s  o f  t h e  opera tor ;  
t he re fo re ,  it seems n a t u r a l  t o  us  t o  compare t h e  s t a t i s t i c a l  d i s t r i b u t i o n  
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w* 1( e )  during t h e  a t t e n t i o n  s ta te  and w* 2 (z;) during t h e  ope ra t ive  rest s ta te  

i n  o r d e r  t o  determine t h e  c h a r a c t e r i s t i c s  which d i f f e r  t h e  s t a t e  of a t t e n t i o n  
from t h e  s ta te  o f  o p e r a t i v e  res t ,  i f  such c h a r a c t e r i s t i c s  are p resen t  i n  
process Z ( t k ) .  

A s  a zero hypothesis  Ho, t o  be  t e s t e d ,  w e  w i l l  assume t h a t  r e a l i z a t i o n  

5 = (c1,c2, ...,<), produced during t h e  a t t e n t i o n  s ta te ,  and r e a l i z a t i o n  m 
<'  = . . , < I m ) ,  i n  t h e  ope ra t ive  rest  s ta te ,  are ex t r ac t ed  from t h e  
same s e t  of  r e a l i z a t i o n s  and, t h e r e f o r e ,  t h e i r  d i s t r i b u t i o n s  are i d e n t i c a l :  

In o rde r  t o  t e s t  (3 .7 .1) ,  l e t  u s  use  t h e  Kolmogorov-Smirnov equation 
(93.5). As app l i cab le  t o  t h i s  c r i t e r i o n ,  t h e  zero hypothesis H '  

0 
w i l l  b e  

represented i n  t h e  form Ho:  

I / , ,  : F'? ( ;) (;), (3.7.2) 

i s  t h ewhere F ( 5 )  :- { ~ / ' ~ ~ ' d ~ 3i n t e g r a l  d i s t r i b u t i o n  r u l e .  
c .-

Using t h e  s t a t i s t i c a l  i n t e g r a l  d i s t r i b u t i o n s  F;(s) and F*(c)  f o r  5 and < I1 
r e s p e c t i v e l y ,  l e t  u s  determine D (3.5.2):  

With a l e v e l  of s i g n i f i c a n c e  q = 0.01, l e t  us c a l c u l a t e  f o r  D t h e  
c r i t i c a l  value of  D def ined by formula (3.5.4),  i n  which we s u b s t i t u t e  

9' 
m*ml/(m + ml) i n  p l ace  of  n .  Then 

(3.7.4) 

As our  c a l c u l a t i o n s  have shown, hypothesis (3.7.2) cannot be  accepted, /60-
even with a lower level o f  s i g n i f i c a n c e ,  q = 0.001. For  t h e s e  s ta tes ,  t h e  
d i f f e rences  i n  t h e  d i s t r i b u t i o n s  of  Z(t  k ) can be  determined completely, of 

course,  by d i r e c t  comparison o f  t h e i r  d i s t r i b u t i o n  r u l e s .  However, with t h e  
g r e a t  v a r i e t y  o f  p o s s i b l e  dev ia t ions  o f  one d i s t r i b u t i o n  from another ,  
considerable  d i f f i c u l t i e s  ar ise ,  r e l a t e d  n o t  s o  much with man i fe s t a t ion  o f  t h e  
divergences,  as with comparison with t h e  divergences determined f o r  o t h e r  
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p a i r s  of d i s t r i b u t i o n s .  Therefore,  it i s  important i n  app l i ca t ion  t o  b e  ab le  
t o  desc r ibe  t h e  d i s t r i b u t i o n  at  least i n  general  terms, by seve ra l  simple 
numerical c h a r a c t e r i s t i c s  and t o  go over from performance o f  ca l cu la t ions  
using t h e  d i s t r i b u t i o n s  t o  operat ions with t h e  numerical c h a r a c t e r i s t i c s ,  
al lowing considerable  s i m p l i f i c a t i o n  of computational work. 

The mathematical expec ta t ion  mZ and d i spe r s ion  D 
Z 

are numerical char

a c t e r i s t i c s  completely def in ing  t h e  u n i v a r i a t e  normal d i s t r i b u t i o n  of  t h e  
random sequence Z(tk) .  For t h e  states of a t t e n t i o n  and ope ra t ive  rest ,  l e t  us 

estimate t h e  essence of t h e  d i f f e rence  of t h e  d i s t r i b u t i o n s  of sequence Z(t  k ) 

using t h e  s ta t is t ical  parameters m* , D; and m; , 
z1 1 2 

53.8. Attent ion and Dispersion o f  Random Sequence  o f  Readings of c1 Rhythm 
In tegra tor  

One of  t h e  c h a r a c t e r i s t i c  p rope r t i e s  of t h e  b r a i n  i s  i t s  spontaneous, 
so -ca l l ed  background a c t i v i t y .  The background a c t i v i t y ,  as an ex terna l  
mani fes ta t ion  o f  t h e  i n i t i a l  s t a t e  o f  t h e  nerve cen te r s ,  i s  formed as a r e s u l t  
o f  t h e  constant s t imu la t ion  of t hese  cen te r s ,  p a r t i c u l a r l y  by t h e  i n f l u x  of 
background a f f e r e n t  impulses, which is  one of t h e  leading f a c t o r s  i n  t h e  
formation of background a c t i v i t y .  The constant  presence o f  "spontaneous" 
a c t i v i t y  with var ious states of t h e  l i v i n g  b r a i n  ( s leep ,  waking, a c t i v i t y ,  
r e s t )  i nd ica t e s  t h a t  t h i s  i s  a form of a c t i v i t y  which, while  cons tan t ly  
remaining a t  a l e v e l  and f l u c t u a t i n g  about i t ,  a t  t h e  same t i m e  under normal 
condi t ions a t  each given moment i s  always i n  an equi l ibr ium s ta te .  I t  cannot 
cons tan t ly  increase  o r  decrease s ince  both  an inc rease  or decrease leads t o  
t h e  development of  a pa thologica l  s ta te  and i n  t h e  f i n a l  ana lys i s  i s  incompat
i b l e  with l i f e  (Livanov, 1965). In  t h e  EEG, background a c t i v i t y  appears a s  
t h e  form of  randomly a l t e r n a t i n g  s e c t o r s  of  depression and synchronizat ion o f  
varying lengths .  The concept of synchronizat ion i s  r e l a t e d  t o  high amplitude, 
rhythmic e l e c t r i c a l  o s c i l l a t i o n s  recorded from t h e  su r face  of  t h e  ce reb ra l  
cor tex ,  t h e  r e s u l t  o f  synchronous a c t i v i t y  of a considerable  number of nerve 
ce l l s  with i d e n t i c a l  l a b i l i t y  and forming d e f i n i t e  s p a t i a l  systems i n  t h e  /61 
ce reb ra l  cor tex.  The broader these  systems and t h e  g r e a t e r  t h e  number of  
neurons taking p a r t  i n  them, t h e  g r e a t e r  t h e  t e r r i t o r y  o f  t h e  cerebra l  cor tex  
from which t h e  synchronous rhythms can be recorded and t h e  g r e a t e r  t h e  
amplitude of  t h e s e  rhythms (Livanov, 1960). When synchronous a c t i v i t y  of 
nerve ce l l s  i s  d is rupted ,  a decrease i n  t h e  amplitude of  o s c i l l a t i o n s  occurs,  
t h e  electroencephalogram i s  depressed, i nd ica t ing  an inc rease  i n  t h e  l e v e l  o f  
e x c i t a t i o n  of nervous s t r u c t u r e s .  These changes i n  t h e  p a r i e t a l - o c c i p i t a l  
lead are expressed most s t rongly  i n  o s c i l l a t i o n s  i n  t h e  c1 frequency range, t h e  
amplitude o f  which usua l ly  undergoes a c h a r a c t e r i s t i c  modulation, i . e .  more o r  
less per iodic  inc rease  and decrease with a mean frequency o f  0 .2-2  Hz 
(Kozhevnikov, Meshcherskiy, 1963). The "frequency" o f  t h e  modulation depends 
on t h e  func t iona l  s ta te  of  t h e  b ra in .  Yui Vyen Chao (1964) and M. B.  Mikha
levskaya (1966) showed t h a t  t h e  number of spontaneous depressions o f  t h e  a 
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rhythm depends on t h e  p robab i l i t y  of appearance of  t h e  s igna l  expected. In  
connection with t h i s ,  with an equal d i s t r i b u t i o n  of s i g n a l s ,  which w a s  t h e  
case i n  our experiments, t h e  "frequency" of depression and, subsequently,  t h e  
ci rhythm envelope, should remain r e l a t i v e l y  cons tan t ,  d i f f e r e n t  than  t h a t  
observed i n  t h e  s t a t e  of opera t ive  res t .  In  t h i s  case,  with otherwise equal 
condi t ions,  w e  can expect t h e  phenomenon of S t a b i l i z a t i o n  of readings Of t he  
a rhythm i n t e g r a t o r .  If t h e  s i g n a l  a r r i v i n g  from t h e  de t ec to r  t o  t h e  input  of 
t he  i n t e g r a t o r  can be represented i n  t h e  form 

(3.8.1) 


where V0 i s  a constant  component; V i s  t h e  amplitude; + is  t h e  i n i t i a l  phase; 
w i s  the  mean angular  "frequency" of depressions o f  t h e  ci rhythm envelope, a t  
t h e  output o f  t h e  i n t e g r a t o r  w e  w i l l  have a sequence of  readings 5 ( t l ) ,  ..., 
5 (tk> 9 * * . > 5 (tn) 

(3.8.2) 

or where tk - t k - l  = 'T - const  

7' 

(3.8.3) 

where T i s  t h e  i n t e g r a t i o n  t ime. 

Solving (3 .8 .3) ,  we produce 

(3.8.4) 

Since t h e  "frequency" of  depressions f luc tua te s  about i t s  r e l a t i v e l y  
constant  mean value,  t h e  va lue  of t h e  i n i t i a l  phase $ takes  on a random value / 6 2  
f o r  t h e  i - t h  observat ion i n t e r v a l .  Also, t h e  "frequency" of depressions o f  
t h e  ci rhythm a t  0.2-2.0 Hz is not  necessa r i ly  a mul t ip le  o f t h e  frequency 
(1/T = 0.1 Hz) of readings of t h e  i n t e g r a t o r ,  so  t h a t  i n t e r v a l  T may not  
include a whole number o f  "periods" of depression.  For t hese  reasons,  
f l u c t u a t i o n s  i-n s ( tk ) w i l l  b e  observed due t o  4 ,  w - v a r  where V0 = const ,  t h e  

ma.gnitude of which w i l l  be determined by t h e  second component i n  expression 
( 3 . 8 . 4 )  and w i l l  reach t h e  g r e a t e s t  poss ib l e  value with modulus 2V/w. 

49 



Expression (3.8.5) d e f i n e s  t h e  i n t e r v a l  of  p o s s i b l e  va lues  o f  < ( tk) :  

(3.8.5) 

I t  i s  important t h a t  f l u c t u a t i o n s  o f  <(tk ) are i n v e r s e l y  proport ional  t o  

t h e  "frequency" of  spontaneous depressions of  t h e  a rhythm. In  t h e  s ta te  of  
a t t e n t i o n ,  t h e  angular  frequency w should be  h ighe r  t han  i n  t h e  s ta te  of  
o p e r a t i v e  rest and, consequently, lower f l u c t u a t i o n s  i n  readings o f  t h e  a 
rhythm i n t e g r a t o r  should b e  expected. The experimental  d a t a  which w e  have 
produced confirm t h e s e  considerat ions.  

When t h e  two s ta tes  ar? compared, i n  o rde r  t o  e l imina te  t h e  in f luence  o f  
p o s s i b l e  changes i n  t h e  va lue  of Vo on f l u c t u a t i o n s  of  c m ( t k ) >  it i s  expedient 

t o  compare t h e  r a t i o s  of  components which are func t ions  o f  w t o  components 
which are independent o f  t h e  mean "frequency" o f  t h e  depressions o f  t h e  a 
rhythm envelope (3.8.5) .  These r e l a t i o n s h i p s  can serve as a measure of  
s t a b i l i z a t i o n  o f  a rhythm i n t e g r a t o r  readings.  

The decrease i n  s t a t i s t i c a l  d i spe r s ions  of  t h e  random sequence of  
a rhythm i n d i c a t o r  readings Z(t  k ) observed i n  t h e  a t t e n t i o n  s t a t e  must be 

subjected t o  t e s t i n g :  i s  it s i g n i f i c a n t .  For t h i s  purpose, we u s e  t h e  
c r i t e r i o n  o f  t h e  d i spe r s ion  r a t i o ,  which can b e  used f o r  evaluat ion o f  t h e  
d i f f e r e n c e  of two s t a t i s t i c a l  d i spe r s ions  D* and D; f o r  samples whose 

z2 1 
elements are independent and a r e  normally d i s t r i b u t e d  with parameters 

m Z 2 '  DZ2 and m Z1' DZ1 r e s p e c t i v e l y .  In  o rde r  t o  check t h e  e q u a l i t y  of 

s t a t i s t i c a l  d i spe r s ions  D* and D* t o  t h e  zero hypothesis Ho: 
z2 z1 

where D , D are t h e  d i spe r s ions  o f  random sequences Z(tk) r e s p e c t i v e l y  f o r  z,I z,
,5 

*t h e  s t a t e s  of a t t e n t i o n  and ope ra t ive  rest  with t h e  competing hypothesis H1' 

it i s  necessary t o  s e l e c t  t h e  c r i t i c a l  value f o r  t h e  r a t i o  F = D* /D* . 
z2 z1 

According t o  t h e  c r i t e r i o n  of t h e  d i s p e r s i o n  r a t i o  w e  se lect  as t h e  c r i t i c a l  /63 
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value F
9 

[q;(nl - l ) ,  ( n 2 . - l)],  where q is  a f i x e d  l e v e l  o f  s ign i f i cance ;  

nl ,  n2 are sample s izes .  The va lue  F
9 

[q; (nl - 1), (n2 - l)] i s  s e l e c t e d  from 
t h e  t a b l e  (Smirnov, Dunin-Barkovskiy, 1959; Nalimov, 1960) on t h e  b a s i s  o f  
known q,n P 2 .  I n  the ,  case where 

t h e  zero hypothesis  i s  negated with l e v e l  o f  s i g n i f i c a n c e  2q.  

In most cases, t h e  experimental d a t a  produced con t r ad ic t  t h e  zero 
hypothesis Ho with a level  of  s i g n i f i c a n c e  q = 0.05 concerning a random 

decrease i n  d i s p e r s i o n  o f  t h e  random sequence of readings of  t h e  a rhythm 
i n d i c a t o r  f o r  t h e  a t t e n t i o n  s t a t e  D Z  i n  r e l a t i o n  t o  D f o r  t h e  s ta te  of 

1 z2 
opera t ive  rest .  

For  a normal random sequence Z(t  k) ,  t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  

m*Z ’  D; are mutually independent. The f u l f i l l m e n t  o f  condi t ion D /DZ1 > 1 and 
z2  

t h e  independence of  t h e  c h a r a c t e r i s t i c s  m*
Z’  

D*z i n d i c a t e s  s t a b i l i z a t i o n  of 

readings o f  t h e  a rhythm i n t e g r a t o r ,  r e s u l t i n g  from t h e  s ta te  of a t t e n t i o n  o f  
t h e  operator .  

9 3 . 9 .  Estimatation of t h e  Difference i n  Two S t a t i s t i c a l  Mathematical 
Expectations w i t h  Various S t a t i s t i c a l  Dispersions 

It was demonstrated i n  t h e  preceding paragraph t h a t  f o r  t h e  s t a t e  of 
ope ra t ive  r e s t  and t h e  s t a t e  o f  a t t e n t i o n ,  t he  random sequence of readings of 
t h e  c1 rhythm i n t e g r a t o r  have non iden t i ca l  d i spe r s ion  (D f D Z  ) .  This 

z2 1 
i n e q u a l i t y  o f  d i spe r s ions  DZ and D Z  does not  allow us t o  use t h e  t c r i t e r i o n  

2 1 
which i s  widely used i n  p r a c t i c e ,  t o  t e s t  t h e  essence of che d i f f e r e n c e  of t h e  
mathematical exnectat ions of two independent, normally d i s t r i b u t e d  samplings. 
The n e c e s s i t y  of comparison of  two samplings with d i f f e r e n t  d i spe r s ions  a r i s e s  
f a i r l y  f requent ly ,  although t h e  necessary recommendations f o r  t h e  performance 
of  such comparisons are almost not  t o . b e  found i n  t h e  domestic l i t e r a t u r e .  
In connection with t h i s ,  we w i l l  t u r n  our a t t e n t i o n  t o  t h e  problem of  t h e  
theory and techniques of performing estimates of  t h e  d i f f e r e n c e  (ml - m2) be

tween t h e  mathematical expectat ions m 1’ m2 of two normal d i s t r i b u t i o n s  

(m,, D,), (m2,  D 2 ) using t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  m*, D T  and m;, D; o f1 
two independent samplings with unknown d i s t r i b u t i o n  parameters m 1’ D1’ m 2 ,  D 2 ’  
The s o l u t i o n  of t h e  problem c o n s i s t s  i n  
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establ ishment  of r u l e s  f o r  determinat ion o f  confidence areas f o r  ml ,  m2 and 

confidence coe f f i c i en t  a. In  t h e  space of parameters,  each p o i n t  with 
coord ina tes  ml,  D1, m2,  D 2  corresponds t o  t h e  j o i n t  d i s t r i b u t i o n  nl of t h e  

q u a n t i t i e s  Z = [ Z l l ,  Z12, ..., Z 1 and n2 of t h e  q u a n t i t i e s  Z 2  = 
1 lnl 

= [Z21, ZZ2,  ..., Z 1 .  I n  t h e  (n, + n 2)-dimensional space o f  p o i n t s  
2n2~ 

[Z,, Z 2 1  = { Z l l ,  Z12, ..., Z , Z21, ..., Z 1 we sepa ra t e  t h e  s e t  S of them /64

lnl 2n2 

def ined by t h e  r e l a t i o n s h i p  

(3.9.1)  

where K l ,  K 2 ,  C1, C 2 a re  cons tan t  numbers; D?
1 

i s  t h e  s t a t i s t i c a l  d i spers ion  of  

t h e  s t a t i s t i c a l  mathematical expectat ion m? f o r  t h e  i - t h  s t a t e ;  i = 1 ; 2  ( i n
1 


our case,  1 i s  t h e  s t a t e  o f  a t t e n t i o n ,  2 i s  t h e  s t a t e  of ope ra t ive  rest) .  

The d i s t r i b u t i o n s  of t h e  random q u a n t i t i e s  

as we know, a r e  t h e  Student d i s t r i b u t i o n s  with (n, - l ) ,  (n2 - 1)  degrees of 

freedom respec t ive ly :  

The random q u a n t i t i e s  tl, t 2 
are independent; t he re fo re ,  t h e  j o i n t  

d i s t r i b u t i o n  i s  w r i t t e n  as 

I 1 1  1 - l lE1 
__Knowing t h e  j o i n t  d i s t r i b u t i o n  of t h e  q u a n t i t i e s  lf5; and 

711, - 1)Z2 

JX2 - ’ 
i n t e g r a t i n g  (3.9.2) with r e spec t  t o  t h e  a rea  
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(3.9.3) 


w e  can determine t h e  p r o b a b i l i t y  t h a t  t h e  sampling po in t  {z, ,  z,) belongs t o  
set  S: 

,-a 

I =--
C 
\ \  

l 
lSl1,.L(t ,)  ‘Y,L2 1 (I,) d t ,  czt2. (3.9.4) 

Let us transform (3.9.1):  

Varying t h e  constant  q u a n t i t i e s  C1’ C2,  K1, K 2 ,  w e  can s e l e c t  a confid

ence a rea  f o r  m 1 and m2 such t h a t  t h e  confidence c o e f f i c i e n t  (confidence 

p robab i l i t y )  def ined by (3.9.4) ,  w i l l  be  equal t o  t h e  predetermined quan t i ty  /65 
a .  Let us  assume 

where b l ,  b 2 a r e  values  determining t h e  f ixed  i n t e r v a l  (bl ,  b2)  l imi t ing  S. 

Subs t i t u t ing  these  values i n t o  (3.9.5) and (3.9.3),  w e  produce t h e  confidence 
area f o r  m 1 and m2: 

with confidence c o e f f i c i e n t  (3.9.4),  f o r  t h e  ca l cu la t ion  of which, t h e  
i n t e g r a t i o n  area is  determined by t h e  expression 

(3.9.6) 

From t h i s ,  w e  can conclude t h e  c r i t e r i o n  of s ign i f i cance  suggested by Barents 
and Fischer  (Kramer, 1948). 
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Suppose e i s  an angle  such t h a t  

where 

From the  e q u a l i t y  I = q f o r  (3.9.4) extending through t h e  a rea  

w e  determine t h e  permiss ib le  value of  divergence d . With f ixed  leve l
9 

o f  s ign i f i cance  q, quan t i ty  d9 i s  a func t ion  o f  n 1’ n 2’  e ,  which can be 

ca l cu la t ed  i f  t h e  values  of t he  arguments are known. For t h e  funct ion 
d = f(Rl,  n2 8, q) w e  have t h e  t a b l e s  (Fischer ,  J a t e s ,  1953). Table 2 

p re sen t s  values of d
9

(n
1’ 

n2,  8 ,  q) f o r  q (  i n  %) = 1, 5,  nl = n2 = 6,  8, 1 2 ,  

24, m and eo = 0,  15, 30, 45, 60, 75, 90. Table 3 p re sen t s  values  of 
dq(nl, n2 ,  0 ,  q) f o r  q ( i n  %) = 0.2,  0.5, 1, 2 ,  5, 10, nl = m y  n2 = 10, 1 2 ,  

15, 20, 30, 60, m and eo = 0,  10, 20, 30, 40, 50, 60, 70,80, 90. 

If with a f ixed  l e v e l  of s ign i f i cance  q t h e  following inequa l i ty  obta ins :  

(3.9.7) 

t h e  va lues  of  m*1 and m; should be considered d i f f e r e n t  from each o the r  with a 

leve l  of s ign i f i cance  equal t o  q. 
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TABLE 2 
0. deg _ _  

15 I 30 1 45 1 60 

2,440 2,447 
2,310 2,306
2,193 2;:r79
2,055 2,064 
1,993 1,960 

, 

:/I 

W 

. .. 

I; 

. .. 

12 I !I2  
9.5 

T r .  Note: Commas i n d i c a t e  decimal p o i n t s .  
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Let us  analyze an example. We have two sequences of  readings o f  t h e  
~1 rhythm i n t e g r a t o r  for t h e  s ta te  of a t t e n t i o n  51 = { 5 ( t l ) ,  < ( t 2 ) ,  ..., 
< ( t i ) ,  ..., < ( t  ) )  and for t h e  s t a t e  o f  o p e r a t i v e  rest c2 = ( < ( t l ) ,  c ( t 2 ) ,  

na ..., s ( t j ) ,  ..., ~ ( t) I .  1 con ta ins  36 terms (n1 = 36) and c2 contains  /67-n, 
51 terms (n2 = 51) .  The s ta t is t ical  mathematical expec ta t ion  f o r  cl ,  c2 a r e  

r e spec t ive ly  m*1 = 62.6, m; = 51.6, and t h e i r  d i spe r s ions  a r e :  DG = 0.32, 
1 

Di = 1.20: 
2 

Let u s  c a l c u l a t e  

Let us determine angle  �I: 

Using the  known nl = 36, n2 = 51, 9 = 27.5"for  q (%)= 1, and using 

- where n 1 = 24,  n2 = 24 andTable 2 ,  l e t  us f i n d  t h e  c r i t i c a l  va lue  d
9 = dl%.  

6 = 3 0 ° ,  dl% = 2.759; where nl = 24, n2 = 24 and 0 = 1S0 ,  dl% = 2.785; where 

n1 = 36, n2 = 51 and �I = 27.S0, t h e  va lue  of dlo
6 

i s  l e s s  than 2.785. Thus, we 

have 8.95 2.785. 
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TABLE 3 

- - ~ 

0. degrees 
-

71r 

0 io 60 1 70 80 90 
-

f 0 1,512 1, sn8 I,603 2 ,668 1,651 1,645 
12 I ,  752 I ,778 1,684 1,664 1,650 1,645 
13 1,753 ,I ,750 1:728 1,675 1,659 1,649 1,645 
20 1-,725 1,722 i ,7nG 1,067 1,G56 1 ,G4S 1,645 
30 1,607 1 ,69G 1.685 1,659 1,Gj? 1,Gi7 i ,G45 

1 ,671 1,GW 1,652 1,64S 1,646 1,645.GO 
00 1,645 1,045 

_- __

10 2,225 2,219 
1 2  2,179 2 ,  l'it 
15 2,131 2 ,126  
20 2,1186 2 ,( t i2  
30 2,042 2 ,11:3!? 

GO 2,Oilr1 I ,!I99 
00 . I ,  96U 1,961) 

- . 

10 2,764 2,768
12 2,681 2,GGS
15 2,GU:! 2,592
20 2,523 2,5211 
30 2,457 2 ,452
GO 2 , : m  2 ,358  
00 2,32ti 2,326 
_. 

10 
.I 2 
15 
20 
30 
G0 

00 

-

.I0 3,553 3,573 
12 3,4115 3,:i:Is 
.I 5 ?,,2!i7 3,216 
20 3 ,  139 3,119:1 
30 3 , ~ W2,!19'1
GO 2,010 2,S?r7 
00 2,307 2,807 
- ~ ~

10 4 ,  ,144 11,LOR 3, !?!IO 
12 3,930 3,S98 .?,Si19 
15 3,733 3; 7\IS 3,t;:; ; 
20 3,552 3,.i33 3,479 
30 3,386 3,372 3,33ti 
GO 3,232 3,225 3,2$17 
03 3,000 3,090 3,m.l  

1 ,GC5 1,645 1,645 	 1,645 
-

2,024 1,989 1,067 .1,960 
2,n1  I 1.nsi 1 , N G  1,960 
1 ,301) 1 ,97s 1,965 1,950 
1.!-)so 1 . V i 2  1 ,963 1,960 
!,978 1 . O l X  I ,962 I ,96n 
I ,969 I ,964 I ,!I61 1 ,%!I 
1,9lii) I ,%I 1 ,96!) 1,950 

2,414 2,326 
2,3136 2,326
2,,379 2,326 
2 ,  364 2,326 
2,351 2,326
2,:33s 2,326
2,326 2,326 
.. 

2 ,  6S4 2,576 
2, l iGl  2 ,  ?7G 
2,1;11 I 2,576
2.l i?2 2,576
2 ,  1;i Ir, 2,576
2 ,  59.I 2,576
2 ,  r i i G  2,576 

__ 
3 , 2  In 2,8$;!1 2 ,  SO7 
3,119
:: ,1142 
2.974 
2,912 
2.857 
?,SI17 

2 , S i h  
3 ,-7:: < 
2,829 
2,831
2,814
2,s'17 

?. ,807 
2,5117
2 ,  81)7
2,slJ7 
2 ,  so7 
2 ,  SO7 
-. .- .. 

3,633 3,152 3, n00 
3 ,  .5os 
3,401 
3,3iIS 
3,235 
3, I53 
3,1190 

3,138 
3,121; 
3,116 
3, In6 
3,1195 
3,1!90 

3,090
3 ,nno
3,090
3,090 
3,1100
3,090 

T r .  Note Commas indicate decimal points. 
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According t o  (3.9.7),  t h e  d i f f e rence  between m*1 and m; should be assumed 

s i g n i f i c a n t  with a l e v e l  of s ign i f i cance  q = 0.01. The d i f f e rence  between 
m*1 and m; is found t o  be s i g n i f i c a n t  a l s o  where q = 0.002. 

T h e  Respiratory Sys tem and Attent ion 	 /69 

The r e s p i r a t o r y  s y s t e m ' i s  designed f o r  t h e  f u l f i l l m e n t  of one o f  t h e  
funct ions important t o  l i f e  o f  t h e  organism: exchange of  gases between t h e  
organism and t h e  ex te rna l  medium. Gas exchange between the  atmosphere and 
a lveo la r  a i r  occurs due to t h e  quasi-rhythmic acts o f  i nha la t ion  and exhal
a t ion .  The "master o s c i l l a t o r "  o f  t he  r e s p i r a t o r y  system i s  a nerve formation 
i n  t h e  medulla oblongata,  c a l l e d  t h e  r e s p i r a t o r y  c e n t e r .  The a c t i v i t y  o f  t h e  
r e s p i r a t o r y  cen te r  depends considerably on changes i n  the  normal gas composi
t i o n  o f  t h e  a i r  inhaled,  an increase  i n  CO 2 content  causing an increase  i n  t h e  

amplitude of  r e s p i r a t o r y  movements and pulmonary v e n t i l a t i o n ,  a decrease i n  
t h e  p a r t i a l  p ressure  o f  02 , perceived by t h e  chemoreceptors o f  t h e  c a r o t i d  and 

a o r t a l  zones a l s o  s t imula t ing  t h e  r e s p i r a t o r y  cen te r ,  causing a reinforcement 
o f  r e s p i r a t i o n .  However, t h e  leading r o l e  i n  t h e  r egu la t ion  o f  r e s p i r a t i o n  
belongs t o  t h e  higher  centers  of t h e  c e n t r a l  nervous system, p a r t i c u l a r l y  
under t h e  complex condi t ions of adapt ive behavior  o f  man under t h e  condi t ions 
of  ope ra to r ' s  a c t i v i t y ,  under condi t ions o f  t h e  inf luence  of  var ious  
psychological f a c t o r s ,  etc.  The inf luence  o f  t h e  h igher  s e c t o r s  of t h e  b r a i n  
on t h e  bulbar  r e s p i r a t o r y  cen te r  i s  expressed as var ious changes i n  r e s p i r 
a t o r y  rhythm, amplitude o f  r e sp i r a to ry  movement, amount of pulmonary v e n t i l 
a t ion ,  e t c .  

Many and var ious  i n d i c a t o r s  are used f o r  func t iona l  i nves t iga t ion  of  t h e  
r e s p i r a t o r y  system; however, under t h e  condi t ions  o f  ope ra to r  a c t i v i t y ,  t h e  
most access ib le  are t h e  frequency, depth and na tu re  of  brea th ing .  

ki3.10. Corre la t ion  Proper t ies  o f  t h e  S e q u e n c e  o f  In t e rva l s  o f  t h e  Respiratory 
Cyc 1 e 

In s p i t e  of man's a b i l i t y  t o  cont ro l  h i s  r e s p i r a t i o n  vo lun ta r i ly ,  t h e  
i n t e r v a l s  of  t h e  r e s p i r a t o r y  cyc le  under condi t ions of ope ra to r ' s  a c t i v i t y  are 
r a t h e r  s t a b l e  i n  t i m e .  Apparently, t h i s  r e s u l t s  from t h e  fact  t h a t  t h e  
c o n t r o l l i n g  a c t i o n  of t h e  h igher  s ec t ions  o f  t h e  c e n t r a l  nervous system on t h e  
adapt ive r e sp i r a to ry  r e a c t i o n  i s  s i g n i f i c a n t .  

In  analyzing t h e  c o r r e l a t i o n  p rope r t i e s  of  t h e  sequence o f  i n t e r v a l s  of 
t h e  r e s p i r a t o r y  cyc le  Y(t k) = {Y(t1). ..Y(t n)),  t h e  number of terms n i n  

r e a l i z a t i o n s  y ( t k )  (Figure 27 ,  28) va r i ed  between 100 and 250. Figures 29 and 

30 show t h e  normalized s t a t i s t i c a l  c o r r e l a t i o n  func t ions  R * ( T  
S 
),  ca lcu la t ed  

using formula (3 .4 .3 )  f o r  n = 375, which amounts t o  t = 526 sec ( s t a t e  o f  
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opera t ive  r e s t ,  Figure 29) and f o r  n = 473 ( t  = 552 sec )  f o r  t h e  s ta te  o f  
a t t e n t i o n  (Figure 30). The curves R*(T ) are sha rp ly  a t tenuated  and cont inue 

S 

t o  f l u c t u a t e  weakly about t h e  absc issa ,  without exceeding t h e  l e v e l  A = 0.1. 
The c o r r e l a t i o n  func t ions  R*(-cs) a r e  r a t h e r  t y p i c a l  f o r  most o f  t h e  t e s t  

sub jec t s  where experimental  condi t ions were he ld  cons tan t .  I n s i g n i f i c a n t  
o s c i l l a t i o n s  o f  t h e  normalized s t a t i s t i c a l  c o r r e l a t i o n  func t ion  about zero  
mean t h a t  t h e  random sequence of du ra t ions  o f  t h e  r e s p i r a t o r y  cyc le  Y(tk) over  

t h e  observat ion i n t e r v a l  o f  up t o  500 s e c  i s  r a t h e r  s t a b l e .  According t o  
(3.4.6), neighboring i n t e r v a l s  of t h e  r e s p i r a t o r y  cyc le  a r e  p r a c t i c a l l y  
uncorre la ted  (A fi( 0.1) ; t h e r e f o r e ,  s u f f i c i e n t  s t a t i s t i c a l  c h a r a c t e r i z a t i o n  o f  
t h e  random sequence of  du ra t ions  of r e s p i r a t o r y  cyc les  where it i s  normal 
r e q u i r e  only t h a t  t h e  u n i v a r i a t e  d i s t r i b u t i o n  r u l e  be  known. 

II 

Figure 27 

53 .11 .  D i s t r ibu t ion  o f  Random Sequence o f  Respiratory Cycle In t e rva l s  

Due t o  t h e  absence of information on t h e  parameters of t h e  t h e o r e t i c a l  
d i s t r i b u t i o n  of t h e  random sequence of  r e s p i r a t o r y  cyc le  i n t e r v a l s  Y( tk ) ,  i n  

o rde r  t o  t e s t  t h e  agreement o f  experimental  d a t a  with hypothesis  Ho,  normal 

d i s t r i b u t i o n  o f  va lues  of random sequence Y (t,) , t h e  conformity c r i t e r i o n  x2 
w a s  used (53.5). The r e s u l t s  of  t h e  eva lua t ion  performed show t h a t  t h e  
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experimental  da t a ,  both f o r  t h e  s t a t a  of  q u i e t ,  and f o r  t h e  s t a t e  o f  ope ra t ive  
rest, do not  con t r ad ic t  t h e  zero hypothesis  Ho a t  l e v e l  of  s ign i f i cance  

q < 0.01. The p r i n c i p a l  d i f f e rence  i n  t h e  s t a t i s t i c a l  u n i v a r i a t e  d i s t r i b u t i o n  
Y(tk) l i e s  i n  t h e  mathematical expec ta t ion  5. The s t a t i s t i c a l  mathematical 

expec ta t ion  5 o f  a random sequence of dura t ions  of  r e s p i r a t o r y  cyc les  Y(t,) 

f o r  t h e  s t a t e  of  a t t e n t i o n .  i s  less than f o r  t h e  s t a t e  of opera t ive  r e s t  
91 . The r e l a t i v e  change Am i n  parameter m*Y reaches t h e  value 0.32: 

(3.11.1) 

where m i s  t h e  va lue  of t h e  s t a t i s t i c a l  mathematical expectat ion of random 
Y i  

sequence Y(t k) f o r  t h e  i - t h  s t a t e .  

Figure 29 Figure 30 

In order  t o  es t imate  the  importance of  t h e  d i f f e rence  between s t a t e s  o f  
a t t e n t i o n  and opera t ive  r e s t  on the  b a s i s  o f  t h e  mathematical expec ta t ion ,  we 
can use the  Barens-Fischer c r i t e r i o n  o r  t h e  t - c r i t e r i o n  (Student c r i t e r i o n ) ,  
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i f  w e  assume t h a t  t h e  t rue values o f  d i spe r s ion  DY1’ *Y2 o f  random sequence 

Y(tk) f o r  t h e  s t a t e  o f  a t t e n t i o n  and f o r  t h e  state of ope ra t ive  rest are equal 

(Smirnov, Dunin-Barkovskiy, 1959; Nalimov, 1960; Kramer, 1948). The 
t - c r i t e r i o n  r equ i r e s  c a l c u l a t i o n  o f  t h e  following s t a t i s t i c s :  

(3.11.2) 

where n1 and n2 are t h e  number of terms o f  t h e  i n v e s t i g a t e d  sequences for t h e  

states o f  a t t e n t i o n  and ope ra t ive  r e s t  r e spec t ive ly ;  D , D are t h e  values 
/72-

y1 y2 
of  t h e  s ta t is t ical  d i spe r s ions  o f  t h e  sequences inves t iga t ed .  

The hypothesis H o : y  
2 - 91 

= 0 i s  assumed i f  t h e  following i n e q u a l i t y  i s  

f u l f i l  led: 

(3.11.3) 

where t [q;(n + n - 2)] i s  t h e  c r i t i ca l  value of  t h e  Student d i s t r i b u t i o n9 1 2 

f o r  t h e  given l e v e l  of s i g n i f i c a n c e  q. 

The p r o b a b i l i t y  o f  making t h e  f a l s e  conclusion (H f H ) ,  i . e .  t h e0 
p r o b a b i l i t y  o f  r e j e c t i n g  hypothesis H when it i s  a c t u a l l y  t r u e ,  i s  determined0 

by t h e  expression 

(3.11.4) 


The est imate  o f  t h e  d i f f e r e n c e  (my 
2 

c r i t e r i a  (Student and Barens-Fischer).  The experimental d a t a  negate hypo-

) was performed us ing  bo th  
- ?1 

t h e s i s  H of  t h e  absence o f  d i f f e rences  between my and my with a l e v e l  of0 2 1 
s i g n i f i c a n c e  q > 0.01. 

53.12. Duration of Respiratory C y c l e  and Effect iveness  o f  Work 

The e f f ec t iveness  o f  t h e  work of an operator ,  t h e  success  o f  h i s  a c t i v i t y  
is  determined by a number o f  f a c t o r s ,  t h e  p r i n c i p a l  ones o f  which must be  
considered n a t u r a l  da t a ,  t h e  degree o f  t r a i n i n g ,  t h e  demands o f  t h e  work and 
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a t t e n t i o n .  The dependence o f  working a b i l i t y  on psychological  and func t iona l  
state (51.3) makes an estimate o f  t h e  a c t i v i t y  o f  t h e  opera tor  using quant i 
t a t i v e  ind ica to r s  of t h e  work performed without  consider ing t h e  phys io logica l  
information which would allow us t o  judge t h e  means and i n t e r n a l  stress 
required t o  achieve successfu l  performance of t h e  work u n r e l i a b l e .  

During t h e  course o f  t r a i n i n g ,  t h e  organism adapts  i t s e l f  t o  t h e  new 
condi t ions o f  ope ra to r ' s  work, and coordinated i n t e r a c t i o n  o f  a l l  systems, 
adequate t o  t h e  work ,a t  hand, i s  developed. However, t h e  complex process  of  
adaptat ion o f  t h e  organism cannot always be  completed success fu l ly ,  even f o r  
elementary working condi t ions.  M.  Ye. Marshak (1961), i n  an inves t iga t ion  o f  
t h e  process o f  establishment of co r re l a t ions  between t h e  working and r e s p i r 
a to ry  movements during t h e  t r a i n i n g  per iod  t o  a new type  of  muscular work, 
showed t h a t  t h e  load on t h e  r e s p i r a t o r y  system may be inadequate t o  the  
muscular work and may be r e t a ined  f o r  a long per iod  of time, over 3-4 months. 
Increased pulmonary v e n t i l a t i o n  i s  explained by t h e  a c t i v e  p a r t i c i p a t i o n  o f  
nervous mechanisms i n  t h e  r egu la t ion  of  r e s p i r a t i o n .  

Varying v e n t i l a t i o n  of t h e  lungs ( r e sp i r a to ry  frequency) with t h e  same 
e f f ec t iveness  (u) of opera tor  work was observed i n  a group o f  t e s t  sub jec t s  i n  
an experiment involving seeking a l i g h t  s i g n a l  (Chapter 2 ) .  In  s p i t e  of  t h e  
r a t h e r  simple assignment and extended t r a i n i n g ,  continuing f o r  severa l  days, 
we found no no t i ceab le  changes i n  t h e  t e s t  sub jec t s  toward any order ing 
between u and t h e  dura t ion  of  t h e  r e s p i r a t o r y  cyc le .  This fact  ind ica t e s  t h e  
complex and ex tens ive  adapt ive r e s t r u c t u r i n g  o f  t h e  c e n t r a l  nervous system 
which occurs during t h e  process  of adaptat ion o f  t h e  organism t o  condi t ions of  
new ope ra to r ' s  a c t i v i t y .  

In  another  group of t e s t  sub jec t s ,  a r ap id  (within one hour) e s t ab l i sh 
ment of  co r re l a t ion  between e f f ec t iveness  o f  work u and i n t e r v a l  o f  t h e  
r e sp i r a to ry  cycle  was noted. In  each experiment, t h e  es t imate  of e f f e c t i v e 
ness  of opera tor  work was t h e  value o f  u (Chapter 2 ) :  

N 7 1  (3.12.1) 

where N is  t h e  t o t a l  number of  r ings  i n  a frame; N 1 i s  t h e  number o f  r ings  i n  

a frame (with o r i e n t a t i o n  of t h e  notch i n  t h e  requi red  d i r e c t i o n ) ,  which t h e  
tes t  subjec t  was t o  seek out ;  K i s  t h e  number of r ings  o f  N1 no t  no t iced  by 

t h e  t e s t  sub jec t ;  T0 was t h e  time expended by t h e  t e s t  s u b j e c t  i n  seeking out 

(N1 - K)  r i n g s .  

-/73 
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After t ransformation and s u b s t i t u t i o n  o f  N = 510, expression (3.12.1) 
t akes  on t h e  form 

(3.12.2) 

sec 
"t75 ..;.._ t e s t  sub jec t  S. G . ,  produced us ing  t h e  d a t a  

-?.. . .  
. .  ...... . 

of  t h r e e  experimental days. The absc i s sa  
3.5 . .  

* 
.... shows t h e  value o f  u i n  b i t s  p e r  second, . . .-. c a l c u l a t e d  using formula (3.12;2),  while t h e  .. o r d i n a t e  shows t h e  values  o f  r e s p i r a t o r y  

425 - cycle  i n t e r v a l s  M
Y, 

averaged over t i m e  T0 '  
I . . . ,.-- b i t s  - 1  

/,2 ( 4  (6 - /.k ZJ u- see T,he tendency t o  a l i n e a r  dependence between 
t h e  va lue  of m and u confirms t h e  high 

Y 1  
F i g u r e  31 value o f  t h e  s t a t i s t i c a l  c o r r e l a t i o n  c o e f f i - /74 

c i e n t :  r = -0.80. 
m,u 

(3.12.3) 

where ui i s  t h e  e f f e c t i v e n e s s  of work i n  t h e  i - t h  frame, determined using 

formula (3.12.2) : 

Z i s  t h e  number of frames; y . ( t . )  i s  t h e  j - t h  i n t e r v a l  of t h e  r e s p i r a t o r y
1 7 

cycle  i n  t h e  i - t h  frame; ni i s  t h e  number o f  i n t e r v a l s  of t h e  r e s p i r a t o r y  

cycle  i n  t i m e  s e c t o r  T i'* T.
1 

i s  t h e  search t i m e  i n  t h e  i - t h  frame. 

The number of frames is  not  g r e a t  ( 2  = 23), s o  t h a t  f o r  t h e  t r u e  va lue  of 
c o r r e1a t  ion c o e f f i c i e n t  pm,u' w e  caq f i n d  t h e  confidence i n t e r v a l .  

If t h e  va lue  o f  t rue c o r r e l a t i o n  c o e f f i c i e n t  p is  o t h e r  than zero (an 
i n d i c a t i o n  o f  t h i s  is  nonzero value o f  t h e  sampling c o r r e l a t i o n  c o e f f i c i e n t  
r), t h e  d i s t r i b u t i o n  of t h e  sampling c o e f f i c i e n t  w i l l  b e  r a t h e r  complex. With 
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s u f f i c i e n t l y  l a r g e . n ,  t h i s  d i s t r i b u t i o n  can b e  approximated by t h e  normal 
d i s t r i b u t i o n ;  however, f o r  p n e a r . + l ,  t h e  approximation i s  r e l i a b l e  only with 
very high va lues  o f  n.  'm,uI n  our case, i s  r a t h e r  nea r  -1 (rm,u = -0.80), 

while  n i s  small (n = 2 = 23) ;  t he re fo re ,  we should not  count on normal 
d i s t r i b u t i o n  of r i n  determining t h e  confidence i n t e r v a l  f o r  pm,u' 

L e t  us use a very  p r a c t i c a l  t ransformation suggested by Fischer  f o r  
random quan t i ty  r: 

1 l + r2 = 7 1 1 1 - I - r  (3 .'12.4) ' 


which does not  depend e i t h e r  on p o r  on n.  

quan t i ty  Z approximates t h e  normal d i s t r i b u t i o n , v e r y  well with d ispers ion  D 


The d i s t r i b u t i o n  o f  random 

Z 
and mathematical expec ta t ion  mZ p r a c t i c a l l y  independent of  p (Dlin,  1958) : 

(3.12.5) 


Thus, t h e  expression f o r  t h e  confidence i n t e r v a l  for m w i l l  have the  
Zform 

(3.12.6) 

Several  values o f  za are presented i n  t h e  t a b l e  ( see  pp. 36-37). With / 75-
probab i l i t y  0.95 (z = 2) t h e  confidence i n t e r v a l  boundaries f o r  m Z ,  accordinga 
t o  (3.12.6), have t h e  values  z1 = 0.65, z 2  = 1.55. 

Resolving (3.12.4) r e l a t i v e  t o  r 

and s u b s t i t u t i n g  t h e  values  of z1 and z 2  i n t o  t h e  so lu t ion  produced, w e  can 

f i n d  t h e  confidence i n t e r v a l  boundaries f o r  pm,u' 

The upper value o f  t h e  confidence i n t e r v a l  d i f f e r s  considerably from zero 
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and, consequently, w e  can consider  t h e  c o r r e l a t i o n  dependence between t h e  
i n t e r v a l  of  t h e  r e s p i r a t o r y  cyc le  and t h e  e f f ec t iveness  o f  t h e  ope ra to r ' s  work 
e s t ab l i shed .  Having information f o r  c a l c u l a t i o n  o f  rmYu,w e  can e a s i l y  f i n d  
t h e  d i r e c t  approximate r eg res s ion  o f  t he  r e s p i r a t o r y  cycle  i n t e r v a l  with 
r e spec t  t o  ope ra to r  work e f f e c t i v e n e s s  (Smirnov, Dunin-Barkovskiy, 1959): 

(3.12.7) 

o r  

(3.12.8) 

In our case,  w e  have 

Dependence (3.12.9) i s  i l l u s t r a t e d  on Figure 31 by t h e  do t t ed  l i n e .  The 
knowledge o f  t h e  l e v e l  o f  r eg res s ion  allows us t o  p r e d i c t  values of m f o r  
f i x e d  values  o f  u .  Let us analyze t h e  case when t h e  t e s t  sub jec t  i s  i n  the  
s t a t e  o f  ope ra t ive  res t .  I n  t h i s  case,  t h e  value o f  u i s  n a t u r a l l y  assumed 
equal t o  zero. Where u = 0 ,  it follows from expression (3.12.9) t h a t  i n  t h e  
s ta te  of  ope ra t ive  res t  t h e  mean value of  t h e  r e s p i r a t o r y  cycle  i n t e r v a l  
should be 4.42 sec. The a c t u a l  mean value of t h e  r e s p i r a t o r y  cycle  i n t e r v a l  
f o r  t h e  s t a t e  of  ope ra t ive  res t  was found t o  be  4.30 sec. The s l i g h t  d i f f e r 
ence between t h e  p red ic t ed . and  a c t u a l  values  of  mean length o f  r e s p i r a t o r y  
cycle might i n d i c a t e  t h a t  dependence (3.12.9) obtains  throughout a l l  t h e  range 
of p o s s i b l e  values o f  u [0 G u < 2.01, i . e .  not only i n  t h e  i n t e r v a l  shown on /76 
Figure 31 [1.2;  2.01 bu t  a l s o  i n  t h e  i n t e r v a l  [ O ;  1 .2 ) .  From t h i s  it follows 
t h a t  i n  many cases  a change i n  t h e  i n t e r v a l  o f  t h e  r e s p i r a t o r y  cycle  i s  an 
effective c h a r a c t e r i s t i c  o f  t h e  func t iona l  s t a t e  o f  man, including h i s  s t a t e  
of a t t e n t i o n .  
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S3.13. T h e  Transient  Process o f  t h e  Respiratory Cycle Interval Sequence 
During a Change i n  t h e  Functional S t a t e  of t h e  Operator 

In recent  yea r s ,  t h e  a t t e n t i o n  o f  i n v e s t i g a t o r s  has been a t t r a c t e d  t o  t h e  
study o f  physiological  problems by methods from t h e  theo ry  o f  automatic 
r egu la t ion .  General methods i n  t h e  theory o f  automatic  r egu la t ion  have been 
r a t h e r  completely developed only f o r  l i n e a r  systems, t o  which t h e  p r i n c i p l e  o f  
superposi t ion i s  app l i cab le .  According t o  t h e  p r i n c i p l e  o f  supe rpos i t i on ,  any 
p r o c e s s . i n  t h e  system formed as a r e s u l t  of simultaneous imposit ion of s e v e r a l  
ac t ions  o f  a r b i t r a r y  form i s  equal t o  t h e  a l g e b r a i c  sum o f  t h e  processes 
formed when each of  t h e s e  ac t ions  i s  imposed on t h e  system i n d i v i d u a l l y .  Due 
t o  t h e  p r i n c i p l e  o f  supe rpos i t i on ,  t h e  l i n e a r  t heo ry  o f  automatic r egu la t ion  
allows t h e  i n v e s t i g a t i o n  of  l i n e a r  systems t o  be  performed q u i t e  completely 
and r e l a t i v e l y  simply i n  var ious areas o f  a p p l i c a t i o n .  Biological  systems, 
gene ra l ly ,  a r e  non l inea r  systems, t o  which t h e  l i n e a r  theory of  automatic 
r e g u l a t i o n  is  not  app l i cab le ,  while t h e  theory o f  non l inea r  systems has been 
i n s u f f i c i e n t l y  developed. However, i n  many cases it i s  p o s s i b l e  t o  i n v e s t 
i g a t e  b i o l o g i c a l  systems by l i n e a r i z a t i o n  o f  n o n l i n e a r i t i e s .  The o rd ina ry  
methods f o r  l i n e a r i z a t i o n  o f  t h e  c h a r a c t e r i s t i c s  o f  a non l inea r  element 
c o n s i s t  i n  r ep resen t ing  t h e  process a t  t h e  output  of a nonl inear  element 
within t h e  l i m i t s  o f  t h e  a c t u a l l y  p o s s i b l e  ca t ions  on t h e  input  i n  t h e  form o f  
a l i n e a r  funct ion o f  t h e  a c t i o n s .  A s  app l i cab le  t o  a b i o l o g i c a l  system 
descr ibed by non l inea r  c h a r a c t e r i s t i c  y = f ( x ) ,  r ep resen t ing  t h e  r e a c t i o n  y o f  
t h e  system t o  a s t imulus o f  magnitude x, i t  can b e  assumed t h a t  t h e  dependence 
y = f ( x )  i s  l i n e a r i z e d  i f  i n  t h e  range o f  values o f  s t imu lan t  x i n v e s t i g a t e d  
t h e  change i n  r e a c t i o n  y of  t h e  system can b e  approximately represented by a 
l i n e a r  funct ion of x,  i . e .  

(3.13.1) 

where a and b a r e  constant  q u a n t i t i e s .  The values  o f  constant  q u a n t i t i e s  a 
and b a r e  determined both by t h e  c h a r a c t e r i s t i c s  o f  f ( x )  and by t h e  range of  
change o f  s t imulus x. Fulf i l lment  of  condi t ion (3.13.1) allows t h e  l i n e a r  
theory o f  automatic r e g u l a t i o n  t o  be used f o r  i n v e s t i g a t i o n  of b i o l o g i c a l  
systems. 

The behavior of a l i n e a r  system, i t s  p r o p e r t i e s  can be  cha rac t e r i zed  i n  
various ways: by d i f f e r e n t i a l  equations,  t h e  amplitude-frequency o r  t r a n s i e n t  /77 
c h a r a c t e r i s t i c s .  The d i f f e r e n t i a l  equation ref lects  t h e  dependence o f  
r e a c t i o n  y of  t h e  system t o  magnitude x o f  t h e  s t imulus,  on t h e  ra te  of  change 
(dx/dt) i n  st imulus x, on t h e  v a r i a t i o n  i n  r a t e  dx/dt ,  e t c .  The t r a n s i e n t  
c h a r a c t e r i s t i c  of t h e  system, as t h e  r e a c t i o n  t o  t h e  system t o  a sudden change 
i n  s t imulus x (3.13.2),  r e v e a l s  t h e  dynamic p r o p e r t i e s  of t h e  system: 
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(3.13.2) 

where t 
0 

is t h c  moment o f  t h e  sudden change i n  value o f  t h e  s t imulus.  

The same p rope r t i e s .  of  t h e  system, expressed i n  t h e  frequency "language" 
i n  c o n t r a s t  t o  t h e  time "language" of  t h e  t r a n s i e n t  c h a r a c t e r i s t i c ,  a r e  
represented by t h e  amplitude-frequency c h a r a c t e r i s t i c .  

A knowledge of  t h e  t r a n s i e n t  c h a r a c t e r i s t i c  and t h e  p o s s i b i l i t y  of 
app l i ca t ion  of  t h e  method of superposi t ion f o r  a l i n e a r  system allows us  t o  
determine t h e  r e a c t i o n  o f  t h e  system t o  a st imulus o f  any form. A l l  t h r e e  
c h a r a c t e r i s t i c s  a r e  i n t e r r e l a t e d ,  and i f  it is  i d e n t i c a l l y  d i f f i c u l t  t o  
produce t h e  necessary information f o r  composition o f  them, preference i s  given 
t o  one o r  another  depending on t h e  method of ana lys i s  being used. In  t h e  
i n v e s t i g a t i o n  o f  b i o l o g i c a l  systems, when informatior! 013 t h e  s t r u c t u r e  of t h e  
system and t h e  processes which occur within it a r e  quite. l imi t ed ,  and t h e  
methods of experimental a n a l y s i s  used i n  technology can bc used only 
p a r t i a l l y ,  t h e  d e s c r i p t i o n  o f  t h e  b i o l o g i c a l  system d i r e c t l y  by a d i f f e r e n t i a l  
equation, o r  by t h e  amplitude-frequency c h a r a c t e r i s t i c ,  encounters consider
ab le  d i f f i c u l t i e s .  One of  t h e  most usable  methods f o r  represent ing informa
t i o n  concerning t h e  dynamic p r o p e r t i e s  of a b i o l o g i c a l  system i s  t h e  
experimental determination o f  i t s  t r a n s i e n t  c h a r a c t e r i s t i c .  

In ou r  experiments, t h e  s i g n a l  (st imulus) x ( t )  was t h e  o p e r a t o r ' s  work, 
r equ i r ing  constant a t t e n t i o n  from t h e  t e s t  s u b j e c t .  A s  t h e  r e a c t i o n  o f  t h e  
ope ra to r  t o  x ( t ) ,  we used t h e  v a r i a t i o n s  i n  durat ion o f  t h e  r e s p i r a t o r y  cycle .  
The magnitude of  t h e  r e s p i r a t o r y  systems r eac t ion  t o  t h e  ope ra to r  work 
depends on t h e  l e v e l  of  a t t e n t i o n  of  t h e  t e s t  sub jec t  on t h e  work being 
performed (83.12; 3.14),  so  t h a t  i n  ind iv idua l  experiments, a d i f f e r e n c e  i n  
l e v e l  of a t t e n t i o n  was p o s s i b l e ,  which was d i f f i c u l t  t o  t e s t  q u a n t i t a t i v e l y ,  
but  could l ead  t o  c e r t a i n  d i f f e rences  i n  t h e  t r a n s i e n t  c h a r a c t e r i s t i c s  as 
concerns absolute  values .  However, an approximate composition o f  a diagram of  
t h e  func t iona l  analog o f  t h e  r e s p i r a t o r y  system requ i r e s  only t h a t  an idea be 
known concerning t h e  form of t h e  t r a n s i e n t  c h a r a c t e r i s t i c ,  without , r equ i r ing  
t h a t  abso lu t e  values  of  t h e  t r a n s i e n t  process be known. F o r  each ind iv idua l ,  
as h i s  s t a t e  changed, t h e  form o f  t r a n s i e n t  c h a r a c t e r i s t i c  remained nea r  
cons t an t .  Upon t r a n s i t i o n  from t h e  s t a t e  o f  ope ra t ive  r e s t  t o  t h e  /79
s t a t e  o f  a t t e n t i o n ,  t h e  n a t u r e  of t h e  t r a n s i e n t  process can be  considered 
i d e n t i c a l  f o r  var ious t e s t  s u b j e c t s .  

Figures 32 and 33 show two sets o f  t r a n s i e n t  c h a r a c t e r i s t i c s  f o r  t e s t  
s u b j e c t s  S. G .  and N .  K .  upon t r a n s i t i o n  from t h e  s t a t e  o f  ope ra t ive  res t  t o  
t h e  s t a t e  of  a t t e n t i o n ;  t h e  heavy l i n e  shows t h e  t r a n s i e n t  c h a r a c t e r i s t i c  
T*(t)  averaged f o r  t h e  e n t i r e  s e t ;  t h e  lower do t t ed  l i n e  shows values  o f  t h e  
mean square dev ia t ion  ST( t )  o f  i nd iv idua l  i n t e r v a l s  of t h e  r e s p i r a t o r y  cyc le  

from T*(t)  , and t h e  arrow shows t h e  probable beginning o f  t h e  change of t h e  
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s u b j e c t ' s  state. With an unl imited inc rease  i n  terms, t h e  set o f  averaged 
t r a n s i e n t  c h a r a c t e r i s t i c s  w i l l  be  a more d e t a i l e d  desc r ip t ion  of  t h e  t r a n s i e n t  
process ,  approaching t h e  t r u e  t r a n s i e n t  c h a r a c t e r i s t i c  T ( t ) .  Precise 
expressions desc r ib ing  absolu te ly  a l l  t h e  s p e c i f i c s  o f  t h e  t r u e  t r a n s i e n t  
c h a r a c t e r i s t i c  r e q u i r e  complex a n a l y t i c  expressions and i n  many cases  t h e  
usage of  s p e c i a l  func t ions .  Usually,  i n  experimental  and t h e o r e t i c a l  analyses  
o f  t r a n s i e n t  processes ,  ignoring c e r t a i n  nonessen t i a l  d e t a i l s  of  t h e  t r a n s i e n t  
process  being inves t iga t ed ,  cumbersome p r e c i s e  expressions for T ( t )  a r e  
avoided, being rep laced  by t h e  approximate expressions f o r  H ( t ) .  Attempts a r e  
made t o  make t h e  func t ions  descr ib ing  t h e  t r a n s i e n t  c h a r a c t e r i s t i c s  as simple 
a s  poss ib l e ,  s o  t h a t  t h e i r  parameters can be e a s i l y  determined. 

4.0 

3.0 

Figure 32 

The t r a n s i e n t  c h a r a c t e r i s t i c s  presented a r e  reminiscent o f  t r a n s i e n t  
process  (3.31.3) i n  an e l e c t r i c a l  c i r c u i t  ( F i g u r e  34) with weakly expressed 
o s c i l l a t i o n  condi t ions and predominance o f ' i n t e g r a t i n g  p rope r t i e s :  

H ( t )  = .K (1 + at) e-zt, (3.13.3) 

where 
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Figure 33 

For t e s t  sub jec t  N.  K . ,  t h e  t r a n s i t i o n  from t h e  s t a t e  of a t t e n t i o n  t o  t h e  
s t a t e  of  ope ra t ive  r e s t  i s  accompanied by a t r a n s i e n t  process  (Figure 35) 
s i m i l a r  t o  t h a t  of an LRC-system (see  Figure 34) with t h e  t r a n s i e n t  charac te r - /80 
i s t i c  

(3.13.4) 

Due to t h e  varying adapta t ion  p r o p e r t i e s  of the  test s u b j e c t ,  t h e  t r a n s i t i o n  
from t h e  s t a t e  o f  a t t e n t i o n  t o  t h e  s t a t e  of ope ra t ive  r e s t  does not  always 
have t h e  form of  (3 .13.4) .  

If we r ep lace  t h e  system re spons ib l e  f o r  t h e  r egu la t ion  of  t he  dura t ion  
o f  t h e  r e s p i r a t o r y  cyc le  with i t s  equiva len t ,  determined on t h e  b a s i s  of 
s i m i l a r i t y  of t h e i r  t r a n s i e n t  processes ,  i n  our  a n a l y s i s ,  t h e  o s c i l l a t i o n  i n  
t h e  t r a n s i e n t  c h a r a c t e r i s t i c  (Figure 3 6 )  i nd ica t e s  t h a t  t h e  t r a n s i t i o n  
from t h e  s t a t e  of a t t e n t i o n  t o  t h e  s t a t e  of  ope ra t ive  r e s t  involves  a change 
i n  t h e  r e l a t i o n s h i p s  of  t h e  va lues  of t h e  LRC-system elements.  The LRC system 
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has an o s c i l l a t i n g  t r a n s i e n t  c h a r a c t e r i s t i c  where R < 2m: 

11 ( t )=K 11 - Ae-a t  cos ( t o t  - +)I. (3.13.5) 

In order  t o  determine t h e  parameters of func t ion  
(3.13.5),  approximating t h e  t r a n s i e n t  charac te r 
i s t i c  (see Figure 36) ,  l e t  us use t h e  value of t h e  
experimental c h a r a c t e r i s t i c  T* ( t )  , loca ted  i n  t h e  
i n t e r v a l  

Figure 3 4  
where l i n e a r  dependence is  observed between t h e  
dura t ion  o f  t h e  r e s p i r a t o r y  cycle  and the  e f f e c t 

iveness  of work, r e l a t e d  t o  t h e  a t t e n t i o n  o f  t h e  t e s t  sub jec t  (53.12). Af te r  
s u b s t i t u t i n g  t h e  va lues  f o r  parameters produced i n t o  expression (3.13.5) ,  w e  
produce 

The s i g n i f i c a n t  excess i n  t h e  p o s i t i v e  f l u c t u a t i o n s  i n  t h e  experimental 
t r a n s i e n t  c h a r a c t e r i s t i c  over  t he  negat ive f l u c t u a t i o n s  r e l a t i v e  t o  m allows 

y2 
us  t o  assume t h e  presence of n o n l i n e a r i t i e s  i n  t h e  system. The nonl inear  
t ransformation,  of  t h e  form 

(3.13.7) 

/81-

i n  expression (3.13.6) gives r a t h e r  s a t i s f a c t o r y  correspondence of  H 1( t )  /82 
(shown by dot ted  l i n e  on Figure 37): 

(3.13.8) 

with t h e  experimental curve T*(t)  t h e  continuous l i n e  (on Figure 37) .  
Thus, t h e  r e s p i r a t o r y  system analyzed can be represented (Figure 38) as 
cons is t ing  of a l i n e a r  por t ion  LRC and a nonl inear  por t ion  with c h a r a c t e r i s t i c  
(3.13.7).  
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For some t e s t  s u b j e c t s ,  t h e  change o f  s t a t e s  causes no e s s e n t i a l  changes 
i n  t he  c h a r a c t e r  o f  r e s p i r a t o r y  frequency, and the  following condi t ion i s  
f u l f i l l e d  f o r  t h e  equivalent  c i r c u i t  o f  t h e  r e s p i r a t o r y  system: 

(3.13.9) 

In  t h i s  case,  t h e  change i n  i n t e r v a l s  of t h e  r e s p i r a t o r y  cycle  occurs wi th in  
l i m i t s  such t h a t  t h e  "working" s e c t o r  of  t h e  nonl inear  c h a r a c t e r i s t i c  can b e  
considered approximately l i n e a r  (3.13.1).  

For  o t h e r  t e s t  s u b j e c t s ,  t h e  removal o f  t h e  c o n t r o l l i n g  a c t i o n  o f  t h e  
h ighe r  cen te r s  o f  t h e  b r a i n  on t h e  r e s p i r a t o r y  system r e s u l t i n g  from ope ra t 
o r ' s  work causes compensatory r e s p i r a t o r y  a c t i v i t y ,  and w e  must change 
condi t ion (3.13.9) f o r  t h e  equivalent  c i r c u i t  t o  t h e  r e s p i r a t o r y  system: 

(3.13.10) 
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Also, t h e  range of change of durat ions o f  r e s p i r a t o r y  cyc le s  becomes such t h a t  
t h e  "working" s e c t o r  of  t h e  c h a r a c t e r i s t i c  o f  t h e  equivalent  c i r c u i t  t o  t h e  
r e s p i r a t o r y  system is  e s s e n t i a l l y  nonl inear .  

Figure 36 

A knowledge o f  t r a n s i e n t  c h a r a c t e r i s t i c s  supplements our  information on 	 / 8 3
t h e  s t a b l e  modes of t h e  r e s p i r a t o r y  system i n  t h e  s t a t e s  of  a t t e n t i o n  and 
ope ra t ive  r e s t  i n  man and makes our concept o f  t h e  sequence o f  i n t e r v a l s  o f  
t h e  r e s p i r a t o r y  cyc le  as a d i s c r e t e  random process  more complete. 

S3.14. Correlat ion P rope r t i e s  o f  Sequence  o f  In t e rva l s  o f  Inhalation Phase 

Ear l ie r  ( § 3 . 2 ) ,  we turned ou r  a t t e n t i o n  t o  t h e  s i g n i f i c a n c e  of  t h e  phase 
o f  t h e  o s c i l l a t i n g  process  as a parameter o f  t h e  physiological  system. In 
comparison with t h e  i n t e r v a l  o f  t he  cyc le ,  t h e  durat ion o f  a phase i s  a more 
p r e c i s e  physiological  c h a r a c t e r i s t i c ,  r e f l e c t i n g  t h e  a c t i v i t y  o f  some s i n g l e  
s t r u c t u r e  o f  t h e  physiological  system wi th in  t h e  l i m i t s  of one cycle  i n  t h e  
formation o f  t h e  o s c i l l a t i n g  process .  Thus, during r e s p i r a t i o n ,  t h e  r i s i n g  
phase i s  r e l a t e d  t o  t h e  work o f  t h e  i n s p i r a t o r  s e c t o r  of  t h e  r e s p i r a t o r y  
cen te r ,  t h e  neurons o f  which operate  by rhythmic discharges,  synchronous with 
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r,sec t h e  exhalat ion phase, seize a c t i v i t y  of t h e  
neurons o f  t h e  e x p i r a t o r  segment o f  t h e  
r e s p i r a t o r y  cen te r .  Relat ionships  o f  
r e c i p r o c i t y  are f r equen t ly  observed between 
s t r u c t u r e s  i n  t h e  organism; i n  p a r t i c u l a r ,  
t h e  i n s p i r a t o r  and e x p i r a t o r  segments of 
t h e  r e s p i r a t o r y  c e n t e r  show r e l a t i o n s h i p s  
o f  r e c i p r o c a l  innervat ion,  t h e  essence o f  
which is  t h a t  e x c i t a t i o n  of one segment 
causes i n h i b i t i o n  of t h e  o t h e r  and v i c e  
ve r sa ,  w i th in  c e r t a i n  l i m i t s .  Modern 
concepts o f  t h e  i n t e g r i t y  o f  t h e  nervous 
system have expanded t h e  concept of t h e  
r e s p i r a t o r y  c e n t e r  by t h e  inc lus ion  o f  
c e l l u l a r  accumulations i n  t h e  a r e a  o f  t h e  

Figure 37 pons V a r o l i i ,  t h e  diencephalon and ( i n  t h e  
case of conditioned r e f l e x  r e a c t i o n s )  t h e  
ce reb ra l  co r t ex ,  which has  allowed a 

t h e  i n h a l a t i o n  phase; t h e  f a l l i n g  phase, 

c l a r i f i c a t i o n  and more d e t a i l e d  r e p r e s e n t a t i o n  o f  t h e  process  o f  formation o f  
t h e  r e s p i r a t o r y  cycle .  The rhythmic a c t i v i t y  o f  t h e  r e s p i r a t o r y  c e n t e r  i s  
cons t an t ly  inf luenced by var ious random f a c t o r s ;  t h e r e f o r e ,  l i k e  t h e  i n t e r v a l s  
o f  t h e  r e s p i r a t o r y  cycle ,  t h e  du ra t ion  of t h e  i n h a l a t i o n  phase undergoes 
random changes, due t o  which successive i n t e r v a l s  .of t h e  i n h a l a t i o n  phase can 
be  represented i n  t h e  form of a sequence o f  random q u a n t i t i e s :  X(tk) = 

{X( t l ) ,  X( t2 ) ,  ..., X ( t n ) l .  Figures 27 and 28  show models of  t h e  recordings 
o f  an electropneumogram r e s p e c t i v e l y  f o r  t h e  s t a t e  o f  ope ra t ive  r e s t  and t h e  
s t a t e  of a t t e n t i o n ,  with t h e  terms x ( t k ) ,  x ( t k + l ) ,  ... marking t h e  sequence of 

i n t e r v a l s  of  t h e  i n h a l a t i o n  phase. On time ax i s  t ,  t h e  symbols tkdl,tk'  

tk+l, ... show t h e  moments of completion of i n h a l a t i o n ,  where k i s  t h e  cu r ren t  

inh a1a t  ion  number. 

S t a t i s t i c a l  a n a l y s i s  of random sequence 
X(tk ) was begun by analyzing i t s  c o r r e l a t i o n  
p r o p e r t i e s .  As f o r  t h e  i n t e r v a l s  o f  t h e  r e s p i r 
a t o r y  cycle;  t h e  s t a t i s t i c a l  normalized 
c o r r e l a t i o n  funct ions of t h e  sequence of--' LRC ~--{~$%~---
i n t e r v a l s  of t h e  i n h a l a t i o n  phase were c a l c u l 
a t e d  us ing  formula ( 3 . 4 . 3 )  f o r  a r a t h e r  l a r g e  /84 

Figure  38 number of  readings,  n = 100-250. The s ta t i s t 
ica l  normalized c o r r e l a t i o n  funct ions R* ( T ~ )f o r  

t h e  random sequence o f  du ra t ions  of  t h e  i n h a l a t i o n  phase X ( t k )  r a p i d l y  
a t t enua te ,  l i k e  t h e  analogous c h a r a c t e r i s t i c s  f o r  t h e  r e s p i r a t o r y  cycle  
i n t e r v a l s  Y(tk) and d i f f e r  l i t t l e  from them. 
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F i g u r e  39 Figure 40 

As an example f o r  t h e  i d e n t i c a l  t e s t  s u b j e c t  s ta te ,  we show on Figure 39 
t h e  s t a t i s t i c a l  normalized c o r r e l a t i o n  func t ions  R*(-r ) f o r  a sequence o f  

S 

r e s p i r a t i o n  cycle  i n t e r v a l s  y ( tk ) ,  while Figure 40 shows t h e  same f o r  a 
sequence of i n h a l a t i o n  phase i n t e r v a l s  x ( tk) .  However, i n  some cases  t h e  

s t a t i s t i c a l  normalized c o r r e l a t i o n  funct ions R * ( T  
S 
) f o r  x ( tk ) are more 

informative than R*(-rs) f o r  y ( t k ) .  

F i g u r e  41 Figure 42 

Figures 41 and 42 show R*(.rS) f o r  y ( t k )  and x ( t k )  r e s p e c t i v e l y .  If t h e  

f i n a l  s e c t o r  (-rs/At > 10) o f  c h a r a c t e r i s t i c  R*(-rS) s t i l l  i n d i c a t e s  t h e  /85 
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presence of an o s c i l l a t i n g  component i n  sequence y ( tk ) ,  t h e  same t h i n g  cannot 

be  s a i d  on t h e  b a s i s  of R * ( T ~ )  i n  t h e  i n t e r v a l  0 < . c s / A t  < 10. 

Turning t o  Figure 42 w e  can speak with assurance o f  t h e  presence o f  an 
o s c i l l a t i n g  component i n  x ( t  k) .  The s i m i l a r i t y  of t h e  o s c i l l a t i n g  frequency 
R*(-rs) f o r  x ( t k )  and t h e  o s c i l l a t i n g  frequency o f  t h e  t a i l  po r t ion  of 

c h a r a c t e r i s t i c  R*(-rs) f o r  y(t,) i n d i c a t e s  t h a t  t h e r e  might be  a common f a c t o r  

f o r  y ( tk ) and x ( tk ) causing t h e  o s c i l l a t i n g  na tu re  of  t h e  s ta t i s t ica l  normal

i zed  c o r r e l a t i o n  funct ions R*(T ) (see Figure 41, 42). The ca l cu la t ed  va lue  
S 

o f  mean o s c i l l a t i n g  period R*(T ), n e a r  10 sec, corresponds t o  per iod T of  
S C 

t h e  synchronizing pu l ses  i n  t h e  problem of con t ro l  of an e l e c t r o n  beam 
(Figure 2 ) .  

Analyzing sequen t i a l  s e c t o r s  o f  a 
pneumogram (t1’ t 2 )  9 ( t 2 ,  t 3 )  , - - * Y (til' t12) 
on Figure 43, each s e c t o r  being equal t o  

1, . .  . - ~ 

r - Y W - P ~ &... - . ~I T = 10 sec  and displaced by T / 2  r e l a t i v e  t o  
L ‘ r ;  t.? C C 

I‘U\-,<\-. -P.../ t t h e  synchronizing pu l ses ,  we can note  a sharp
+I - - - .  

- -x t r a n s i t i o n  from s h o r t  i n t e r v a l s  o f  i n h a l a t i o nLi’LvL/Af phase c h a r a c t e r i s t i c  f o r  t h e  s t a t e  of a t t e n -
I !  

I 3  I +b- t i o n  (see Figure 28) t o  longer  i n t e r v a l s ,
+-J\fi--A/; c h a r a c t e r i s t i c  f o r  t h e  s t a t e  of  ope ra t ive  r e s t, * - - - - .- .. +y 

- 4  -,’ i r  
(see Figure 27) i n  t h e  middle po r t ion  of t h e  

t.cl- ;-Y/y- . . ~ 5..--
s e c t o r s .  The inc rease  i n  t h e  t h i r d  i n t e r v a l sI - - .-

of  t h e  i n h a l a t i o n  phase i n  s e c t o r s  ( t  1’ t2L 

I s, II .. 
/L,At; ( t 3 ,  t 4 )  , ( t 5 ,  t6>, ( t 6 ,  t 7 )  ,(ty t l 0 )  Y\[All, . .- 4. - .- . . .  

;:;+-A-
.- . . ~ .  ... -:. 

(t lO, t l l )  and t h e  t h i r d  i n t e r v a l s  of  t h e  

r e s p i r a t o r y  cycle  i n  s e c t o r s  ( t  2 ’  t7J Y 

1 ;  /+..AJ-dur;... 
i;’ I 

. . _ _ _ I n  ( t 3 ,  t 4 ) y  ( t 4 ’  t s ) .  If  we consider t h a t  t h e  
.>.LP\-t3. 

.---(..z 
t h i r d  i n t e r v a l s  of t h e  r e s p i r a t o r y  cycle  andI 

I.? Zrl? t h e  i n h a l a t i o n  phases correspond t o  t h e  end of; 
?- c o n t r o l  by t h e  e l e c t r o n  beam i n  t h e  given 

r-l y ? \ / \ m q  I-
f- s t a g e  and the  t r a n s i t i o n  t o  t h e  next con t ro l  

. i  . . . . . - .. I s t a g e ,  s epa ra t ed  by a sho r t  pause i n  the  work, 
“ , I ;  I t,& i . e .  with short- term onset  o f  t h e  s t a t e  o f
” . I ; - opera t ive  r e s t ,  cha rac t e r i zed ,  i n  a l l  probab-

F i g u r e  43 	 i l i t y ,  by a decrease i n  the  l e v e l  of  a t t e n 
t i o n ,  a r e l a t i o n s h i p  between t h e  s t a t e  o f  
a t t e n t i o n  and t h e  i n t e r v a l s  o f  t h e  i n h a l a t i o n  
phase and r e s p i r a t o r y  cycle  seems q u i t e  
l i k e l y .  
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S3.15. Estimation of Univariate  D i s t r ibu t ion  o f  Inhalat ion Phase In t e rva l s  

For a weakly c o r r e l a t e d  random sequence of  i n h a l a t i o n  phase i n t e r v a l s ,  /86

usua l ly  normally d i s t r i b u t e d ,  t h e  u n i v a r i a t e  d i s t r i b u t i o n  o f  i n h a l a t i o n  phase 
dura t ions  provides  a r a t h e r  complete c h a r a c t e r i z a t i o n  of  X(tk ) .  For many 

'sequences of  i n h a l a t i o n  phase i n t e r v a l s ,  t h e  s t a t i s t i c a l  homogeneous d i s t r i b u 
t i o n s  d i f f e r  e s s e n t i a l l y  from t h e  normal d i s t r i b u t i o n .  For d i s t r i b u t i o n s  
o t h e r  than  t h e  Gaussian d i s t r i b u t i o n ,  t h e  p o s s i b i l i t y  e x i s t s  of approximate 
a n a l y t i c  r ep resen ta t ion  using t h e  normal d i s t r i b u t i o n ,  i ts  d e r i v a t i v e s  and 
c o e f f i c i e n t s  o f  asymmetry and excess.  In  order  t o  determine devia t ions  of t h e  
d i s t r i b u t i o n  from t h e  normal or, more p r e c i s e l y ,  t o  t e s t  t h e  hypothesis  y1 = 0 

and y2 = 3, l e t  us  use  t h e  t a b l e s  o f  approximate va lues ,  which a r e  t h e  

percentage po in t s  of t h e  Pearson d i s t r i b u t i o n  i n  which t h e  first f o u r  moments 
correspond t o  t h e  corresponding moments of  t h e  d i s t r i b u t i o n s  y*1 and y;. The 

values  of  y1 and y2 a r e  c o e f f i c i e n t s  of asymmetry and excess r e spec t ive ly ,  

while y; and y* a r e  t h e  s t a t i s t i c a l  c o e f f i c i e n t s  of  asymmetry and excess,2 
r e spec t ive ly .  Assuming t h e  values  X(tk) o f  t h e  terms of  random sequence X(tk)  

mutually independent and i d e n t i c a l l y  normally d i s t r i b u t e d  with unknown 
mathematical expec ta t ion  and d i spe r s ion ,  l e t  us  c a l c u l a t e  t h e  s t a t i s t i c a l  
c h a r a c t e r i s t i c s  a s  es t imates  f o r  y1 and y2: 

where 

Primari ly ,  t h e  va lues  o f  y* and y$ do not  go beyond the  5% (1%) c r i t i c a l1 
boundaries which correspond t o  t h e  10% (2%) summary l e v e l  o f  s ign i f i cance  f o r  
each c r i t e r i o n ,  and t h e  hypotheses y1 = 0,  y2 = 3 a r e  not negated. In some 

experiments i n  which r e s u l t s  were produced which con t r ad ic t  t h i s  hypothesis ,  
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individual  values of  t h e  s t a t i s t i c a l  c o e f f i c i e n t  o f  asymmetry reached 0.7-0.8, 
f o r  t h e  s ta t i s t ica l  coe,ff ic ient  o f  excess 1.5-2.0. 

With a p r o b a b i l i s t i c  i n v e s t i g a t i o n  o f  random processes ,  t h e  normal 
d i s t r i b u t i o n  occupies a p a r t i c u l a r  p o s i t i o n .  This i s  explained by t h e  fact  
t h a t  t h e  s o l u t i o n  of  a number of problems i s  s i m p l i f i e d  t o  a considerable  
ex ten t  when it i s  p o s s i b l e  t o  consider  t h e  d i s t r i b u t i o n  rules f o r  t h e  random 
q u a n t i t i e s  i n v e s t i g a t e d  normal. In  connection with t h i s ,  t h e r e .  i s  consider
a b l e  i n t e r e s t  i n  a r e p r e s e n t a t i o n  of t h e  d i s t r i b u t i o n  rule w(x) f o r  normalized 
random q u a n t i t y  X ( o t h e r  t han  t h e  Gaussian rule) i n  t h e  form of a series based 
on t h e  normal d i s t r i b u t i o n ,  t h e  c o e f f i c i e n t s  o f  which are def ined through t h e  
numerical c o e f f i c i e n t s  o f  random q u a n t i t y  E .  One such expansion i s  t h e  
asymptotic expansion i n t o  an Edgeworth series: 

?/' ( . r )  7 (I: (i?) 

(3.15.1) 

where 

uk i s  t h e  c e n t r a l  moment of k- th  o rde r  of random quan t i ty  E ;  a = G;x i s  t h e  

value of  random quan t i ty  X = ( E  - m)/a; m i s  t h e  mathematical expectat ion o f  
random q u a n t i t y  E. 

S e r i e s  (3.15.1) converges t o  w(x) a t  each p o i n t  o f  con t inu i ty  of  funct ion 
w(x) i f  t h e  i n t e g r a l  

converges and t h e  func t ion  w(x) has l i m i t e d  v a r i a t i o n  over (-a, a) (Kramer, 
1948). Fulf i l lment  of t h e  cond i t ions  of convergence o f  series (3.15.1) t o  
w(x) allows us t o  estimate t h e  dev ia t ion  o f  w(x) from t h e  Gaussian r u l e .  
However, i n  p r a c t i c a l  a p p l i c a t i o n s  i n  most cases  w e  are i n t e r e s t e d  no t  i n  t h e  
convergence o f  t h e  expansion, b u t  i n  r a t h e r  good approximation t o  w(x) when 
two o r  t h r e e  components are used. Limiting ourselves  t o  t h e  f irst  t h r e e  
components i n  s e r i e s  (3.15.1) , w e  produce an approximate d e s c r i p t i o n  of  t h e  
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d i s t r i b u t i o n  r u l e  w(x) i n  t h e  form 

o r ,  introducing t h e  c o e f f i c i e n t  o f  asymmetry and t h e  c o e f f i c i e n t  o f  excess 
using t h e  formulas 

y1 ::= 5-; y3 3, 
cj' (3.15.2) 

i n  t h e  form 

(3.15.3) /88 

where 

x ( tk ) a re  t h e  values  of random process X(t k ) a t  moment i n  t i m e  tk o r  ( f o r  an 

ergodic  process) independent readings on the  b a s i s  of one of i t s  r e a l i z a t i o n s  
x ( t k ) ;  m and cr2 a r e  t h e  mathematical expectat ion and d ispers ion  of random 

sequence X(t k) . 

Using t h e  example with t h e  Reyleigh d i s t r i b u t i o n  (3.15.4),  l e t  us see  how 
good t h e  approximation o f  (3.15.3) t o  t h e  normal r u l e  i s :  

(3.15.4) 

where a i s  t h e  parameter of t h e  Reyleigh d i s t r i b u t i o n .  

F i r s t ,  using expression (3.15.3),  l e t  us es t imate  t h e  devia t ion  A of t h e  
approximate Reyleigh d i s t r i b u t i o n  w (x) from t h e  Gaussian d i s t r i b u t i o n  4 (x) : 

7 8  



Then, l e t  u s  c a l c u l a t e  t h e  p r e c i s e  dev ia t ion  AT of (3.15.6) and, comparing i t  
with A ,  determine t h e  magnitude o f  t h e  divergence between t h e  p r e c i s e  w

P 
(x) 

(3.15.10) and approximate (3.15.3) d e s c r i p t i o n s  of  t h e  Reyleigh l a w :  

where w (x) i s  t h e  normalized Reyleigh d i s t r i b u t i o n .  
P 

As we know, t h e  r e l a t i o n s h i p  o f  t h e  d i s t r i b u t i o n  r u l e  w 
Z 
(5) of  random 

q u a n t i t y  Z t o  t h e  d i s t r i b u t i o n  wX (x) o f  t h e  normalized random quan t i ty  

X = (Z - mz)/o Z is  expressed by t h e  formula 

where m Z and 0 ;  are t h e  mathematical expectat ion and d i spe r s ion  o f  random 

quan t i ty  Z .  According t o  (3.15.7),  f o r  t h e  Reyleigh d i s t r i b u t i o n  we have 

where m ,  o2 a r e  t h e  mathematical expectat ion and d i s p e r s i o n  o f  q u a n t i t y  Z with 
d i s t r i b u t i o n  (3.15.4) r e s p e c t i v e l y ,  determined by t h e  expressions /89 

Subs t i t u t ing  (3.15.9) i n t o  (3.15.8) ,  we produce 

(3.15.10) 
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Going over  t o  an es t imate  o f  dev ia t ion  A ,  w e  note  t h a t  i t  can be  gener
a l l y  performed a t  any1 p o i n t  (x) .  For example, it i s  q u i t e  convenient t o  
perform comparison of t h e  o rd ina te s  of two normalized d i s t r i b u t i o n s  a t  po in t s  
corresponding t o  t h e i r  mathematical expec ta t ions .  This  can be  e a s i l y  seen,  
us ing  expression (3.15.5), a f t e r  first transforming it us ing  t h e  fol lowing 
r e  1at ionship  : 

(3.15.11) 

where H (x) i s  t h e  n- th  power Chebyshev-Hermith polynomial. The Chebyshevn 
Hermith polynomials H (x) f o r  n = 0,1,2,3,4,5,6 have t h e  following va lues :  n 

(3.15.12) 

. 15. 

Af te r  t ransformation o f  (3.15.5) , we have 

3 ,.) -;- (3.15.13) 

The p o i n t  of  i n t e r e s t  t o  us is  x = 0 .  Where x = 0 

(3.15.14) 

Inc iden ta l ly ,  C h a r l i e r  used t h e  q u a n t i t y  A ( O ) / + ( O )  = y2/8 a s  t h e  excess 

c h a r a c t e r i s t i c  f o r  w(x) r e l a t i v e  t o  + ( x ) .  

. - __ _  
I We w i l l  r e t u r n  t o  t h e  problem o f  es t imat ing  two func t ions  i n  t h e  next  
paragraph. 
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For t h e  Reyleigh d i s t r i b u t i o n  (3.15.4), t h e  c o e f f i c i e n t s  of asymmetry /90
y1 and excess y2 are equal t o  

(3.15.15) 

S u b s t i t u t i n g  t h e  value y2 i n t o  (3.15.14), w e  get  

A(O), d i s t i ngu i shed  by i t s  s i m p l i c i t y  of c a l c u l a t i o n ,  however, cannot s a t i s f y  
t h e  frequent  requirement f o r  e s t ima t ion  o f  t h e  maximum dev ia t ion  A of t h e  m 
i nves t iga t ed  d i s t r i b u t i o n  from t h e  normal. Well known methods of a n a l y s i s  
(3.15.13) i n d i c a t e  x0 = -0.64, corresponding t o  Am'  We note  t h a t  Kramer 

(1948) ind ica t ed  t h e  approximate value o f  x0 = -y1/2 (Char l i e r  asymmetry 

c h a r a c t e r i s t i c )  . 
Thus, Am = A(-0.64) = 0.059. 

As we see ,  A(0) may be q u i t e  d i f f e r e n t  from Am, by several t imes.  

TLet us now c a l c u l a t e  t h e  p r e c i s e  value of t h e  maximum dev ia t ion  A m ,  f o r  

which w e  s u b s t i t u t e  (3.15.10) and t h e  expression +(x) from (3.15.1) i n t o  
T(3.15.6).  From t h e  condi t ion dA /dx = 0 ,  w e  f i n d  t h e  s t a b l e  p o i n t  x = -1.04, 

a t  which AT has i ts  maximum: 

A' (-- 1.0'~) - A:, =: O.OS3. 

In  t h e  example with t h e  Reyleigh d i s t r i b u t i o n ,  we see t h a t  t h e  po in t  of t h e  

extreme x = -0.64 i s  c l o s e r  t o  t h e  maximum p o i n t  ' A T ,  t han  i s  t h e  value o f  x 
determine3 from t h e  condi t ion -y1/ 2  = -0.631/2. However, t h e  r e l a t i v e  e r r o r  6 

i s  a l s o  less: f o r  A(-0.64) it i s  31%, f o r  A(-0.631/2) it i s  46%. Thus, t h e  
e r r o r  r e s u l t i n g  from replacement o f  i n f i n i t e  series (3.15.1) with i t s  f irst  
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t h r e e  terms inc reases  by one and one-half times s o l e l y  due t o  t h e  fact t h a t  
t h e  maximum p o i n t  A i s  determined approximately from t h e  condi t ion x

0 = -y1/2. 

I n  o r d e r  t o  e l imina te  t h i s  s e n s i b l e  inc rease  i n  t h e  e r r o r  i n  determining t h e  
maximum dev ia t ion  o f  t h e  d i s t r i b u t i o n  being inves t iga t ed  from t h e  normal 
dev ia t ion  (3.15.5),  t h e  n e c e s s i t y  arises o f  seeking t h e  p r e c i s e  value o f  t h e  /91
po in t  of t h e  extreme corresponding t o  Am' which can be  e a s i l y  found us ing  t h e  

graphs presented i n  t h e  next paragraph. 

In case of an impossibly high value of  Am '  it can be  reduced i f  we look 

upon w(x) as t h e  d i s t r i b u t i o n  o f  a sum of independent normalized random 
q u a n t i t i e s .  

According t o  t h e  c e n t r a l  l i m i t  theorem from p r o b a b i l i t y  theory,  t h e  
d i s t r i b u t i o n  w (x) of  t h e  normalized sum of  independent random q u a n t i t i e sn 
X I , X 2 ,  ...,Xn' with i d e n t i c a l ,  continuous d i s t r i b u t i o n  with inc reas ing  
2'1IllbeT o f  components n ,  approaches t h e  normal 

o r  

In  o t h e r  words, t h e  dev ia t ion  A = w (x) - $(x) approaches zero with inc reas ingn 
n.  

For wn(x), t h e  following expansion i n t o  a series is  c o r r e c t :  

(3.15.17) 

where Xk = Kk /ok; o2 i s  t h e  d i spe r s ion  of t h e  random q u a n t i t i e s  being added; 

'k i s  t h e  cumulant o f  t h e  k- th  o rde r  of d i s t r i b u t i o n  o f  independent random 

q u a n t i t i e s  being added. 
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Kramer (1948) showed t h a t  under r a t h e r  general  condi t ions,  series 

(3.15.17) i s  an asymptotic expansion o f  w (x) with r e s p e c t  t o  powers o f  n -1 /2  
n 

with a r e s i d u a l  term on t h e  o r d e r  of  t h e  f irst  discarded term. Omitting terms 
of  order- n -3/2 and h ighe r  from s e r i e s  (3.15.17) and considering (3.15.2) and 
t h e  formulas f o r  t h i r d  and fou r th  o rde r  cumulants: 

expression (3.15.17) can be  brought t o  t h e  form 

A s  we can s e e ,  t h e  expression f o r  w n (x) depends both on t h e  parameters of 

t h e  d i s t r i b u t i o n  of t h e  random q u a n t i t i e s  being added, and on t h e  s i z e  of  t h e  
sample (n) .  

/92Thus, d i f f e r e n c e  (3.15.5) -

f o r  each value o f  argument x can s e r v e  as a measure of t h e  dev ia t ion  o f  t h e  
normalized d i s t r i b u t i o n  w n (x) of t h e  sum of  random q u a n t i t i e s  from t h e  normal

ized normal r u l e  I$(x). 

S3.16. Measurement o f  Maximum Absolute Deviation o f  Dis t r ibu t ion  from Normal 
Di s t r ibu t ion  A s  a Function o f  Sample S ize  

There a r e  var ious methods f o r  es t imat ing t h e  two funct ions f l ( x )  and 

f 2 ( x ) .  In  some cases, t h e  degree of  approximation i s  estimated over t h e  

e n t i r e  i n t e r v a l  [a, b]  by c a l c u l a t i n g  t h e  mean square dev ia t ion :  

In  o t h e r  cases ,  when f l ( x )  , f 2 ( x )  are t h e  d i s c r e t e  funct ions + l  (xi), $ 2  (xi) o r  
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- -  

when t h e  func t ions  are f ixed  by a graph or t a b l e ,  t h e  degree of  approximation 
is est imated by c a l c u l a t i n g  t h e  mean square d e v i a t i o n  no t  over  t h e  e n t i r e  
i n t e r v a l  [a, b] ,  bu t  on ly  a t  ind iv idua l  p o i n t s  

f--n- -

If t h e  mean square  dev ia t ion  i s  s l i g h t ,  t hen  f o r  t h e  "overwhelming 
majori ty"  of values  o f  t h e  argument t h e  absolu te  va lue  o f  [ A I  'is a l s o  small 
f o r  t h e  s e l e c t e d  i n t e r v a l  of  x. 

A more r i g i d  c r i t e r i o n  f o r  eva lua t ion  o f  t h e  degree of approximation i s  

A,,, = m a s  1 A 1 < A , ;  (3.16.1) 
a\(r<It. 

C r i t e r i o n  (3.16.1) r equ i r e s  t h a t  t h e  abso lu te  dev ia t ion  l A l  = 
= I f l (x)  - f2 (x )  I i n  t h e  i n t e r v a l  [a, b] no t  be  g r e a t e r  than  the  permiss ib le  

q u a n t i t y  Ao.  Quant i ty  Am can be looked upon as a t o p  e s t ima te  of A ,  and i s  
-., 

gene ra l ly  s impler  t han  t h e  es t imates  A ,  A .  

Using expression (3.15.191, we can f i n d  e s t ima te  A o f  approximation wn (x) 

t o  + ( x ) ,  omi t t ing  t h e  last component and expressing t h e  d e r i v a t i v e s  o f  t h e  
normal d i s t r i b u t i o n  through t h e  Chebyshev-Hermith polynomials Hk(x): 

(3.16.2) 

The curves descr ibed  by expression (3.16.2) where y1 < 0 and y2 < 0, 

where y1 < 0 and y2  > 0, where y 1 > 0 and y2  < 0 form f i g u r e s  toge the r  

with t h e  absc issa ;  i n  t h e  genera l  case  t h e s e  f i g u r e s  a r e  symmetrical t o  t h e  
f i g u r e  where y1 > 0 and y2 > 0. Therefore,  i n  t h e  fol lowing t h e  c o e f f i c i e n t s  

of asymmetry and excess w i l l  always be assumed p o s i t i v e .  
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In  order  t o  determine Am, l e t  u s  analyze funct ion +(x) ,  r e l a t e d  t o  A by 

t h e  r e l a t i o n s h i p  

q: (r,:) .-z6 --'f 5- (3.16.3)'i1 

L e t  us  f i n d  t h e  s t a b l e  po in t s  of  t h e  func t ion  

22

1q: (,?) :..: -.=:. l? 2 [ ( . , Z j  2,.){ - I.' ( , ; , I  .- G.$ -I- :.!)I, (3.16.4) 

1' "rc 

where 

From the  condi t ion  d$/dx = 0,  consider ing e -x2/2  # 0 where -m < x < a, we 

(3.16.5) 

This equation i n  t h e  general  case cannot be solved i n  t..e. r a d i c a l s ;  
however, w e  can see from t h e  equation t h a t  t h e  s t a b l e  poin ts  +(x) depend on 
parameter p .  In  order  t o  f i n d  t h e  boundaries of t h e  a reas  o f  ex is tence  o f  
extreme values  of  $(x)  as  t h e  parameter p i s  changed from zero t o  i n f i n i t y ,  
l e t  us  determine t h e  r o o t s  of  equation (3.16.5) f o r  v = 0 and p = m. In  t h e  
f i rs t  case,  w e  have four  r o o t s :  

i n  t h e  second case (p = - ) e - - f i v e  roo t s :  

The maximums o f  modulus $(x)  with increas ing  argument decrease due t o  t h e  

f a c t o r  e-x2'2,  t h e r e f o r e  w e  w i l l  e l imina te  t h e  roo t s  high i n  absolu te  va lue  
be  expected a t  
+2(x,  ?J) 

85 

from our  ana lys i s .  The modulo m a x i m u m  va lues  of +(x) should 
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- -  

For an approximate s o l u t i o n  o f  
equat ion (3.16.5),  l e t  us transform 
it t o  a form convenient f o r  
s o l u t i o n  by  a graphic  method: 

I 

I 

\\ i parameter p are presented on 
.\ Figures 45 and .46 f o r  negat ive x i n  

\ / - 3 t h e  a r e a  -f;;---k/i?<.,. <0 
\,,/$&)=E=eI -7&3-2) and f o r  Dos i t i ve  x wi.thin t h e  l i m i t\ /  

fTI---$-(i<.,; <1 3  j _-_ ~mr e spec t  
i v e l y  . 

Figure 44 
In  modulus, t h e  negat ive roo t s  

x o f  equat ion (3.15.6) a r e  l e s s  
than t h e  p o s i t i v e  roo t s  x+ and, consequently; as was already noted, we should 
expect 

A c t u a l l y , . f o r  example where p = 0.5 w e  have: x - = -0.34, x+ = 1.07  and 

$(-0.34) = 0.806, $(1.07) = -0.736, 

_____ - . 
Thus, -f 3 - +'-%Q.,:<O is  t h e  a r e a  of ex i s t ence  o f  t h e  m a x i m a  of 

funct ion $(x) f o r  var ious values of parameter 1-1. 

From t h e  s o l u t i o n  (see Figure 45) of  equation (3.16.6) ,  we can see t h a t  /95
t h e  roo t s  x = f ( p )  o f  t h e  equation are dependent on parameter p (Figure 47);  
otherwise,  t h e  p o s i t i o n  o f  t h e  maxima o f  func t ion  $(x) do not  remain f ixed ,  
bu t  are displaced i n  t h e  d i r e c t i o n  o f  smaller values  (x ) with an inc rease  i n  
parameter p ,  while t h e  values  o f  t h e  maxima $ ( f ( p ) )  o f  Function $(x) i nc rease .  
The function $(f (11)) e s t a b l i s h e s  t h e  dependence between l a r g e  deviat ions o f  
t h e  d i s t r i b u t i o n  from t h e  normal and general ized parameter P .  
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For a c l e a r e r  i d e a  o f  t h e  r e s u l t s  
produced, l e t  us analyze general ized 
parameter p, represent ing it i n  t h e  
form of a funct ion o f  sample s i z e  n 
with f i x e d  r e l a t i o n s h i p s  between 
excess and c o e f f i c i e n t  of asymmetry 
and a t  the'same time go over  from 
supplementary funct ion $(x) t o  t h e  

I. func t ion  Am/yl, d iv id ing  $ ( f ( p ) )  by 
P -27 -a!,; -G,5 -0.4 -0.3 -9.1 3 6 6 .  On Figure 48, t h e  d o t t e d  l i n e  

F i g u r e  45 shows t h e  dependence Am/yl where 

n = 1, i . e .  t h e  dependence of  t h e  
maximum abso lu te  dev ia t ion  o f  t h e  

d i s t r i b u t i o n  from t h e  normal as a func t ion  o f  t h e  r a t i o  o f  excess t o  asymmetry 
c o e f f i c i e n t ,  f o r  which t h e  scale on t h e  a b s c i s s a  i s  divided by 4, s i n c e  
r2/Y1= 4p. The s o l i d  l i n e s  on t h e  upper po r t ion  o f  F i g u r e  48 show t h e  

funct ions Am/yl f o r  var ious values  of y2/y1, showing t h e  change i n  Am/yl as a 

func t ion  o f  n with f i x e d  r a t i o s  of  y2  and yl. 

For sequences X(t,) with a d i s t r i b u t i o n  r u l e  having y1 = 0.7, y 2  = 1 .4 ,  

l e t  us determine t h e  maximum dev ia t ion  Am where n = 1. For t h i s ,  we c a l c u l a t e  

t h e  r a t i o  y2/y1 = 1.4/0.7 = 2 and, using y2/y1 = 2 ,  n = 1, and t h e  lower graph 

o f  Figure 48, w e  f i n d  ~ . r  = 0.5, which corresponds t o  Am/yl = 0.103 (upper 

graph, Figure 48).  F ina l ly ,  we determine A = 1.103*yl = 1.103-0.7 = 0.072. m 
By a s imilar  method we f i n d  t h e  maximum dev ia t ion  of  Am i n  t h e  case o f  samples 

with volume n = 8. A w e  f i n d  t o  be 0.035.0.7 = 0.025.  Thus, t h e  t r a n s i t i o n  m 
from a sample n = 1 t o  a sample n = 8 leads t o  a decrease i n  Am from 0.072 t o  
0.025. 

In t h e  example with t h e  Reyleigh d i s t r i b u t i o n  (53.15) with t h e  same 
sample (n = 8) w e  have Am = 0.020, i . e .  t h e  inc rease  i n  t h e  sample t o  n .= 8 

leads t o  a decrease i n  t h e  maximum dev ia t ion  of  Am from 0.059 t o  0.020. 

I t  should be  noted t h a t  when t h e  general ized parameter p vanishes 
Cy2 = 0 ) ,  t h e  dependence o f  Am/yl on t h e  sample s i ze  n cannot be  t r a c e d  from 

t h e  graph on Figure 48. A f t e r  determining t h e  value x - = 43' - 6 and 

s u b s t i t u t i n g  it t o g e t h e r  with y 2  = 0 i n t o  expression (3.16.2),  w e  produce 

-/96 
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(3.16.7) /97- .  

where (Am/yl)l.I=o is  a quan t i ty  determined from t h e  graph (see  Figure 48). 

Figure 46 Figure 47 

We can see  from t h e  expression produced t h a t  t h e  value of A for m 
1-1 = O(y 2 = 0) i s  inverse ly  propor t iona l  t o  t h e  square root  of t h e  sample s i z e  
n. 

In t h e  case where y 2 # O,.while t h e  d i s t r i b u t i o n  i s  symmetrical (y 1 = 0 ) ,  

t h e  value of genera l ized  parameter 1.1 i s  i n f i n i t y  (3.16.4).  This case,  
f requent ly  observed i n  p rac t i ce ,  i s  not  shown on Figure 48. Without going 
i n t o  a d e t a i l e d  determinat ion o f  t h e  absc i s sa  o f  t h e  maximum A I  y1=o (3.16.2),  

l e t  us look a t  func t ion  $,(x, 1.1) r e l a t e d  t o  A I y  =o as fol lows:  
1 

88 




-- 

OJ5 

!if0 

405 


2 

4 

6 

8 

" 1. 
Figure 48 

Obviously, t h e  des i r ed  poin t  on t h e  
absc i s sa  x i s  equal t o  zero (x = 0 ) .  
Subs t i t u t ing  the  da ta  i n t o  expression 
(3.16.2),  w e  produce 

A comparison o f  (3.16.7) and (3.16.8) 
shows t h a t  t h e  maximum absolute  devia t ion  
Am of t h e  symmetrically normalized d i s t r i b u 

t i o n  from the  normal decreases more r ap id ly  
with increas ing  sample s i z e  n than t h e  similar 
quan t i ty  f o r  t h e  asymmetrical normalized 
d i s t r i b u t i o n  r u l e .  We note  i n  conclusion t h a t  
f o r  more general  cases (y, f 0, y2 Z 0, 

n 2 1) t h e  dependence of  t h e  r a t i o  o f  maximum 
absolute  devia t ion  of t h e  d i s t r i b u t i o n  from 
t h e  normal t o  t h e  asymmetry c o e f f i c i e n t  as a 
func t ion  o f  t h e  sample s i z e ,  shown on 
Figure 48, al lows us t o  determine t h e  maximum 
absolu te  devia t ion  Am q u i t e  e a s i l y  with known 

parameters of t he  d i s t r i b u t i o n  (yl, y2) and 

f ixed  sample s i z e ,  o r ,  using t h e  parameters of 
t h e  d i s t r i b u t i o n  (yl ,  y2) and the  sample s i z e  

(n) , t o  determine approximately t h e  value o f  
t h e  random quant i ty  f o r  which devia t ion  A w i l l  

be  i t s  maximum Am. In  t h i s  l a t t e r  case,  it i s  necessary t o  consider  t h e  signs 

of  t h e  coe f f i c i en t  of  asymmetry and excess,  holding the  following r u l e :  with 
i d e n t i c a l  s igns ,  t h e  s t a t i o n a r y  po in t s  are located i n  t h e  a rea  of  negat ive 
values o f  x,  with d i f f e r e n t  s igns  i n  t h e  a rea  of  p o s i t i v e  values  of  
argument x.  
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PART I I 


THE USAGE OF P H Y S I O L O G I C A L  S I G N A L S  TO ESTIMATE 
EMOTIONAL STRESS OF AN O P E R A T O R  

Chapter 4 

THE E L E C T R O E N C E P H A L O G R A M  

ABSTRACT. A general a n a l y s i s  o f  t h e  electroencephalogram 
i s  presented. T h e  various rhythms encounted i n  t h e  e lec t 
toencephalogram a r e  described and cha rac t e r i zed  s t a t i s 
i c a l l y .  Variat ions i n  t h e  typical  electroencephalogram 
with v a r i a t i o n s  i n  t h e  s t a t e  o f  a t t e n t i o n  a r e  descr ibed.  
Typical E E G  i n t eg ra to r  output s ignal  a r e  analyzed mathe
matical l y .  

Introduction 

The rhythmic o s c i l l a t i o n s 1  of  t h e  b i o e l e c t r i c a l  a c t i v i t y  a r e  one of  t h e  / 9 8
c h a r a c t e r i s t i c  manifestat ions of t h e  a c t i v e  s ta te  of t h e  c e n t r a l  nervous 
formations.  I t  i s  assumed t h a t  t h e  "spontaneous" rhythmic discharges o f  nerve 
c e l l s  maintain t h e i r  t one ,  i n d i c a t e  r ead iness  f o r  r ecep t ion  o f  incoming 
s i g n a l s  and e x c i t a b i l i t y  of t h e  synap t i c  apparatus  (points  o f  contact  of 
branches of  a nerve c e l l  t o  branches o r  bodies o f  o t h e r  c e l l u l a r  elements).  
The i n f l u x  of s i g n a l s  from t h e  sense organs and i n t e r n a l  r ecep to r s  d i s r u p t  and 
modify t h e  background rhythmic a c t i v i t y .  

In t h e  organizat ion of  t h e  o s c i l l a t i o n s  i n  b i o p o t e n t i a l s  recorded from 
t h e  s u r f a c e  of t h e  b r a i n ,  considerable  s i g n i f i c a n c e  is  given t o  t h e  c i r c u l a 
t i o n  o f  nervous e x c i t a t i o n  through closed loops between var ious l aye r s  of t h e  
c e r e b r a l  cor tex,  between po in t s  on t h e  s u r f a c e  o f  t h e  co r t ex  and a l s o  between 
t h e  co r t ex  and t h e  lower s e c t i o n s  of  t h e  b r a i n .  Thus, nega t iva t ion  ( exc i t a 
t i o n )  of  t h e  upper l a y e r s  o f  t h e  co r t ex  produces t h e  f irst  half-wave of t h e  
su r face  o s c i l l a t i o n  i n  t h e  b i o p o t e n t i a l ,  while e x c i t a t i o n  of  t h e  lower l a y e r s  
produces t h e  second half-wave. The s h o r t e r  and narrower t h e  neuron r i n g ,  
through which t h e  e x c i t a t i o n  is  t r ansmi t t ed ,  t h e  more r a p i d  t h e  rhythm; 

-.-__ .. 
'I Rather complex, quasi-per iodic  processes are involved. ~ We r e t a i n  he re  t h e  
terminology used i n  physiology. 
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t h e  longer t h e  r i n g ,  t h e  slower t h e  rhythm (Rysunov, 1954). The discovery of  

phenomena o f  r eve r se  i n h i b i t i o n ,  funct ioning on t h e  p r i n c i p l e  of  negat ive 

feedback, and of s p e c i a l i z e d  i n h i b i t i n g  c e l l s  f irst  i n  t h e  s p i n a l  column, then  

i n  t h e  higher  l oca t ed  s e c t i o n s  of  t h e  c e n t r a l  nervous system (cerebellum, 

hippocampus) l e d  t o  t h e  formation of t h e  concept of t h e  d e c i s i v e  r o l e  o f  

i n h i b i t i n g  mechanisms i n  t h e  organizat ion of  t h e  ce reb ra l  rhythm (Andersen, 

Rudjord, 1964; Sokolov, 1965, e t c . ) .  The s tudy o f  t h e  r e g u l a r  changes i n  t h e  
/99 
c1 rhythm with inc reas ing  ascending e x c i t a t i o n  allowed P .  V. Simonov (1965b) 
t o  s ta te  t h e  assumption t h a t  t h e  c1 rhythm i s  an e l ec t rog raph ic  expression of  
t h e  a c t i v i t y  of mechanisms which, on t h e  one hand, maintain r a t h e r  high 
r e a c t i v i t y  of t h e  nervous s t r u c t u r e s ,  and on t h e  o t h e r  hand, prevent over-
e x c i t a t i o n ,  which would t h r e a t e n  t o  go over  t o  spasmodic a c t i v i t y  ("pulsating 
i n h i b i tion ba r r i e r " )  . 

In  t h e  opinion o f  Andersen and Sears (1964), t h e  n u c l e i  of t h e  v i s u a l  
t u b e r c l e  contain no 10-cps rhythm e s t a b l i s h i n g  u n i t ,  and t h e  frequency o f  
t h e  discharges o f  c o r t i c a l  neurons i s  determined by t h e  negat ive r eve r se  
in f luence  o f  t h e  intermediate  i n h i b i t i n g  neurons. I t  i s  t h i s  mechanism which 
is  t h e  b a s i s  of t h e  spindle-shaped a c t i v i t y  recorded on t h e  electroencephalo
gram. A comparison o f  t h e  discharges of i nd iv idua l  c e l l s  of  t h e  co r t ex  t o  t h e  
EEG has shown t h e i r  coincidence with t h e  su r face -pos i t i ve  half-waves , t h e  
i n h i b i t i n g  periods with t h e  surface-negat ive half-waves (Calvet,  Calvet ,  
1963). According t o  t h e  da t a  o f  B .  I .  Kotlyar and V. V. Shul'govskiy (1967), 
t h e  maximums i n  t h e  discharges o f  neuron i n  t h e  hippocampus correspond t o  
t h e  maximums of  negat ive values of t h e  e rhythm ( o s c i l l a t i n g  frequency 
4-7 H z ) .  A. I .  Roytbak (1963) considers  t h a t  t h e  c1 wave i s  formed as a r e s u l t  
o f  add i t ion  of  t h e  p o t e n t i a l s  of  branching segments o f  t h e  c o r t i c a l  dendr i t e -
ce l l s .  The formation of 6 waves (1.5-3 Hz) i s  r e l a t e d  t o  t h e  mechanism o f  
slow o s c i l l a t i o n s  of t h e  nega t ive  p o t e n t i a l ,  t h e  generat ion o f  which, 
poss ib ly ,  includes p a r t i c i p a t i o n  of  t h e  neu ro -g l i a l  c e l l s .  

Thus, t h e r e  i s  reason t o  look upon t h e  rhythmic o s c i l l a t i o n s  o f  b io 
p o t e n t i a l s  as a r e s u l t  o f  i n t e r a c t i o n  of exc i t ed  and i n h i b i t i n g  nerve 
elements, which allows us i n  t h e  f i r s t  approximation t o  desc r ibe  t h i s  
i n t e r a c t i o n  i n  t h e  language of models of t h e  I t a l i a n  mathematician 
V .  Vo l t e r r a  (1931, s e e  Goldacre, 1960). Vo l t e r r a ,  i n  p a r t i c u l a r ,  looked upon 
t h e  hypothet ical  s i t u a t i o n :  a l a k e  contains  sharks ( the  consuming form),  
small f i s h  ( the  consumed form) and p l a n t  food f o r  t h e  small f i s h .  The sharks 
eat t h e  small f i s h ,  t h e  number o f  s m a l l  f i s h  decreases ,  and with t i m e  t h e  
sharks begin t o  d i e  o f  s t a r v a t i o n .  Then t h e  small f i s h  mul t ip ly ,  t h e  sharks 
begin t o  eat them, and t h e  number o f  sharks inc reases .  The number o f  sharks 
and o t h e r  f i s h  inc reases  and decreases  p e r i o d i c a l l y ,  t h e  pe r iod  of t h e  
o s c i l l a t i o n s  being i d e n t i c a l ,  t h e  only d i f f e rence  being a s h i f t  i n  phase. In 
o rde r  t o  desc r ibe  e x t e r n a l  i n f luences  on t h e  system, V o l t e r r a  suggested 
seve ra l  r u l e s .  However, i n  o r d e r  t o  u s e  them, w e  must determine which 
elements i n  t h e  system correspond t o  t h e  sharks ,  which t o  t h e  small f i s h  
and which t o  t h e  p l a n t  food. 
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Let us present  s eve ra l  o f  Vo l t e r r a ' s  rules. 

1. The o s c i l l a t i n g  per iod  depends on t h e  c o e f f i c i e n t  of decrease 
( increase)  i n  elements of each spec ies  and t h e  i n i t i a l  number of elements i n  
each. 

2. Destruct ion of  consuming elements accelerates t h e  f luc tua t ion ;  / l o o-
des t ruc t ion  o f  consumed elements r e t a r d s  t h e  f l u c t u a t i o n .  

3. A n  increase  i n  t h e  degree of p ro tec t ion  o f  consumed elements leads  t o  
an increase  i n  t h e  number of elements of  both spec ies .  

4. With simultaneous and equivalent  des t ruc t ion  of both spec ies ,  t h e  
r a t i o  o f  amplitudes of t h e  f l u c t u a t i o n  has a tendency t o  increase .  

5. If we attempt t o  des t roy  both spec ies  uniformly and i n  proport ion t o  
t h e i r  quant i ty ,  t h e  mean number of elements of t h e  consumed form increases ,  
of t h e  consuming form decreases .  

In  t h e  s i tua t i .on  which w e  have analyzed, t h e  i n f l u x  o f  information from 
t h e  surrounding medium and t h e  s t a t e  of t h e  i n t e r n a l  organs can be  considered 
t h e  "food," f a c i l i t a t i n g  t h e  propagation o f  e x c i t a t i o n  processes  (small f i s h )  
i n  the  nerve elements, t h e  development of which i s  hindered by i n h i b i t i o n  
processes  (hunter  f i s h ) .  From t h i s  po in t  o f  view, t h e  ac t iva t ing  and 
i n h i b i t i n g  inf luences  on t h e  cor tex  from lower segments of  t h e  b r a i n  can be  
equated t o  increases  i n  t h e  number of e x c i t a t i o n  o r  i n h i b i t i o n  neurons. O f  
course,  t h e  Vo l t e r r a  r u l e s  do not r e f l e c t  a l l  t h e  complexity of t h e  i n t e r 
ac t ion  o f  t h e  exc i ted  and i n h i b i t i n g  nerve elements a r i s i n g  i n  var ious seg
ments of  t h e  b r a i n  as a continuously changing volume o f  information a r r i v e s .  
However, i n  many cases they can be use fu l  f o r  conclusions concerning t h e  
i n t e r a c t i o n  of  mechanisms of i n h i b i t i o n  and e x c i t a t i o n  i n  var ious s i t u a t i o n s ,  
judging from t h e  predominant rhythm of t h e  EEG o r ,  on t h e  o t h e r  hand, al.low a 
prel iminary cha rac t e r i za t ion  o f  t h e  EEG, i f  w e  have information on the  
r e l a t ionsh ips  between processes  of  e x c i t a t i o n  and i n h i b i t i o n .  

We note  t h a t  t h e  Vol te r ra  r u l e s  do not  con t r ad ic t  t h e  p r i n c i p a l  conclu
s ions  on t h e  predominance of  var ious  EEG rhythms, r e s u l t i n g  from analys is  of 
t h e  model presented below (see  po in t  "dl', p. 35) o f  t h e  i n t e r a c t i o n  of  
e x c i t a t i o n  and i n h i b i t i o n  mechanisms i n  var ious human emotional states,  based 
on physiological  cons idera t ions  and p r a c t i c a l  observat ions.  

Af te r  b r i e f l y  present ing  contemporary concepts concerning t h e  mechanisms 
of formation o f  t h e  EEG, l e t  us  go over t o  a review and ana lys i s  of a v a i l a b l e  
da ta  on t h e  problem of changes i n  t h e  summary electroencephalogram under t h e  
inf luence of emotional exc i t a t ion .  
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94.1. Electroencephalographic C h a r a c t e r i s t i c s  o f  Emotional S t r e s s  

a) 6 Waves and the I n h i b i t i n g  Influence of t h e  Lower Segmen t  of t h e  Bra n 
Stem 

cIn  t h e  l i t e r a t u r e ,  we could no t  f i n d  any information on manifestat ions -I 
6 waves (1.5-3 Hz) dur ing emotional s t r e s s  i n  hea l thy  persons.  Nevertheless,  
s p e c t r a l  a n a l y s i s  o f  EEG i n  t h e  experiments of P .  V. Simonov, M. N.  Valuyeva 
and P.  M. Yershov (1964) us ing  t h e  G. Walter narrow band analyzer  produced by 
t h e  English "Eddisvan" f i r m  showed a clear inc rease  i n  summary wave vo l t age  a t  / l o 1-- _-_- r - r  c) _ e >  7 T X - A - -1 _ _  _ _ A  - P  ___.___--A:-. _ r  - ~i. * -a J I I ~ ~ * I Irrequericy or L ana 3 nz ar m e  momerir  o r  expecca ion  o r  a raLner s-crong 
pa in  s t imulus.  The reinforcement of  6 a c t i v i t y  i s  f r equen t ly  combined with a 
tendency. t o  increased pu l se  frequency, which can be  looked upon as a 
c h a r a c t e r i s t i c  o f  a c t i v a t i o n  o f  t h e  parasympathetic segment of t h e  v e g e t a t i v e  
nervous system. This type o f  effect  i s  c h a r a c t e r i s t i c  f o r  t h e  i n h i b i t o r y  
system, l o c a l i z e d  i n  t h e  lower p o r t i o n  of t h e  b r a i n  stem. 

The lower (bulbar) i n h i b i t i n g  system has a manifest  synchronizing 
in f luence  on t h e  e lectr ical  a c t i v i t y  of t h e  ce reb ra l  cor tex.  Most authors 
b e l i e v e  t h a t  t h i s  e f f e c t  i s  achieved by i n h i b i t i o n  o f  t h e  a c t i v a t i n g  segment 
of t h e  r e t i c u l a r  formation (Morutsyn, 1962). In  t h e  opinion o f  Bloch and 
and Bonvalet, t h e r e  i s  a nega t ive  mesencephalo-bulbo-mesencephalic feedback 
(Bloch., Bonvalet, 1961; Bonvalet, Bloch, 1961). Many experiments have 
demonstrated t h e  p a r a l l e l i s m  between vege ta t ive  r eac t ions  a r i s i n g  during 
s t imulus o f  t h e  medulla oblongata,  and t h e  synchronizing (deact ivat ing)  
e f f e c t s  o f  t h e  bu lba r  segment'on t h e  e l e c t r i c a l  a c t i v i t y  of  t h e  co r t ex .  
Direct s t imu la t ion  of  t h e  caudal po r t ion  of t h e  stem produces synchronization 
of t h e  rhythm i n  t h e  c o r t e x  and a decrease i n  pu l se  frequency (Mayorchik, 
Koreysha, Gabibov, 1962). St imulat ion of  t he  baroreceptors  o f  t h e  c a r o t i d  
s inus ,  decreasing t h e  pu l se  frequency and blood p res su re ,  r e s u l t s  i n  
synchronous, slow waves o f  high amplitude i n  t h e  co r t ex  (Hibel, Bonvalet, 
Dell, 1954; Okudzhava, Meladze, 1964). 

These d a t a  agree wel l  with t h e  f a c t s  concerning t h e  r o l e  o f  t h e  lower 
i n h i b i t o r y  system i n  t h e  r e g u l a t i o n  of emotional r eac t ions .  St imulat ion o f  
t h e  baroreceptors  of t h e  c a r o t i d  s i n u s ,  and a l s o  d i r e c t  s t imu la t ion  of  t h e  
bulbo-pontine s t r u c t u r e s  i n h i b i t s  t h e  anger r e a c t i o n  i n  d e c o r t i c i z e d  cats 
(Tsanket t i ,  1965). The c h a r a c t e r i s t i c  vege ta t ive  manifestat ions o f  f e a r  
i n d i c a t e  t h e  a c t i v a t i o n  of t h e  parasympathetic segment of  t h e  nervous system 
(decrease i n  pu l se  frequency, de feca t ion  and nausea),  i n d i c a t e  t h e  p a r t i c i p a 
t i o n  of t h e  synchronizing s t r u c t u r e s  of t h e  medulla oblongata i n  t h e  passive-
defense s ta tes .  

b )  T h e  8 Rhythm and I t s  Functional S ign i f i cance  

The o s c i l l a t i o n s  a t  4-7 Hz are weakly expressed i n  t h e  electroencephalo
gram of a heal thy,  mature man. However, it was noted t h a t  t h i s  rhythm becomes 
c lear  with mental stress (Sorel ,  1965) or negat ive emotions, p a r t i c u l a r l y  i n  
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ch i ld ren  (Walter, W .  G . ,  1953). A s i m i l a r  rhythm i s  a l s o  observed i n  h igher  
mammals whenever t h e i r  nervous system undergoes a s u f f i c i e n t l y  s t rong  load,  be 
it t h e  so lu t ion  of a d i f f i c u l t  problem o r  i n j e c t i o n  of  c e r t a i n  b i o l o g i c a l l y  
a c t i v e  substances i n t o  t h e  blood stream. I n  t h e  1abora tory .of  P .  K .  Anokhin, .-/ l o 2  

t h i s  rhythm has come t o  be  c a l l e d  t h e  "stress rhythm." The fact  t h a t  t h e  
0 rhythm i n  the  su r face  electroencephalogram i s  combined with re inforced  
impulsation of neurons i n  t h e  r e t i c u l a r  formation s t imula ted  P .  K .  Anokhin t o  
deny t h e  i n h i b i t i n g  na ture  of t h e  0 rhythm and t o  look upon it as a r e l i a b l e  
EEG s ign  of nega t ive  emotional e x c i t a t i o n  (Anokhin, 1963). 

Further  i nves t iga t ions  have shown t h e  complex and cont rad ic tory  phenomen
ology of  t h e  0 rhythm. F i r s t  of a l l ,  i t  has  been found t h a t  t h e  0 rhythm i n  
some areas  of  t h e  cerebra l  cor tex  may e x i s t  with manifest  desynchronization of  

. 	 t h e  e l e c t r i c a l  a c t i v i t y  of o the r  areas. The reinforcement of t h e  e f f e c t  of a 
s t imulus which has caused t h e  appearance o f  t h e  f3 rhythm genera l ly  leads t o  
i t s  replacement by desynchronization ( rap id ,  low-amplitude o s c i l l a t i o n s ) .  The 
0 rhythm increases  hot  only during negat ive,  bu t  a l s o  during c l e a r l y  p o s i t i v e  
emotions (Valuyeva, 1967). I t  can be s t a t e d  i n  general  forms t h a t  t h e  
0 rhythm i s  p a r t i c u l a r l y  c h a r a c t e r i s t i c  f o r  t h e  s i t u a t i o n  of  a c t i v e  search f o r  
paths  of  s a t i s f a c t i o n  of  demands which have a r i s e n .  Strong and purposeful- -
e x c i t a t i o n  most f requent ly  r e s u l t s  i n  genera l ized  desynchronization of  t h e  
EEG. 

Among t h e  b r a i n  formations loca ted  beneath t h e  neopallium, t h e  0 rhythm 
i s  p a r t i c u l a r l y  c h a r a c t e r i s t i c  f o r  t h e  hippocampus. It, i s  c l e a r l y  expressed 
i n  those  cases when t h e  experimental s i t u a t i o n  conta ins  elements of pragmatic 
uncer ta in ty ,  i n  t h e  e a r l y  s tages  of development of a new s k i l l ,  and disappears 
as t h e  problem i s  solved (Adey, 1960). A high l e v e l  of development of a s k i l l  
i s  accompanied by a decrease i n  f l u c t u a t i o n  of phase v a r i a t i o n s  of  EEG waves 
i n  t h e  hippocampus (Adey, Walter, D.  O . ,  1963). Grastyan e t  a l .  (1965) 
emphasized t h a t  t h e  0 rhythm i s  recorded i n  t h e  hippocampus only i n  t h e  
behavioral  r e a c t i o n  of  approach, search f o r  ob jec t s  usefu l  f o r  t h e  animal. 
The r eac t ion  of avoidance i s  accompanied.by desynchronization of  t he  hippo
campal a c t i v i t y .  Data a r e  ava i l ab le  ind ica t ing  t h a t  t h e  f3 rhythm i n  t h e  
hippocampus i s  determined by t h e  p a r t i c i p a t i o n  of  t h e  medial a rea  of t h e  
hypothalamus. Disrupt ion i n  t h i s  area leads  t o  replacement of  t h e  0 rhythm by 
desynchronization (Corazza, Parmeggiani, 1963). Di rec t  s t imu la t ion  of  t h e  
hypothalamus causes desynchronization i n  the  co r t ex  and t h e  8 rhythm i n  t h e  
hippocampus. 

Apparently, t h e  hippocampus i s  involved i n  t h e  formation of t h e  0 rhythm 
i n  t h e  higher  b r a i n  sec t ions  as wel l .  Direct s t imulus of t h e  hippocampus by 
s igna l s  a t  a frequency of 50-70 Hz r e t a r d s  the  rhythm of t h e  EEG of t h e  
cerebra l  cor tex  and causes the  appearance o f  high amplitude sp ind le s .  The 
ac t iva t ion  r e a c t i o n  threshold  i n  response t o  s t imulus of  t h e  r e t i c u l a r  
formation increases  i n  t h i s  case.  However, s t imulus of t h e  hippocampus by 
s igna l s  of  h igher  frequency, on t h e  order  of  300 Hz, leads  t o  desynchroniza
t i o n  o f  t h e  EEG (Z i s l ina ,  Novikova, Tkachenko, 1963). These EEG effects 
are i n t e r e s t i n g  t o  compare with t h e  i n h i b i t i n g  inf luence  of t he  hippocampus on / l o 3  
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t h e  r e t i c u l a r  formation (Lishak, Grastyan, 1962), t h e  condi t ioned defense 
r e f l e x e s  (Rimble, Kirkly, S t e i n ,  1966) and c e r t a i n  v e g e t a t i v e  r e a c t i o n s  
(Ayrikyan, Gaske, 1967). 

Another s t r u c t u r e  which t akes  p a r t  i n  t he  formation of  t h e  0 rhythm i s  
t h e  area o f  t h e  septum. According t o  t h e  d a t a  of  I .  I .  Poletayeva (1967), 
d i s rup t ion  of t h e  septum i n  r a b b i t s  o r  i t s  temporary disconnect ion by 
novocaine leads t o  disappearance of t h e  0 rhythm i n  a l l  l eads .  What a r e  t h e  
func t iona l  s p e c i f i c s  which c h a r a c t e r i z e  t h e  a r e a  of  t h e  septum? We would l i k e  
t o  emphasize a t  l e a s t  two: 1 )  i n  t h e  septum area i n  man and i n  animals are 
loca ted  t h e  cen te r s  of  p o s i t i v e  emotions (Oldz, 1963; L i l l i ,  1960; G i s ,  1963, 
e t c . ) ;  2 )  t h e  septum has an i n h i b i t i n g  inf luence on t h e  cen te r s  o f  negat ive 
emotions, and i t s  d i r e c t  s t imulus i s  accompanied by p r imar i ly  parasympathetic 
vege ta t ive  e f f e c t s  (Allikmets,  1965; Allikmets and Lapin, 1966). 

Summing up t h e  e n t i r e  s e t  of a v a i l a b l e  fac ts ,  w e  can make t h e  following 
conclusion. The 8 rhythm i s  a c t u a l l y  c lose ly  connected t o  t h e  formation o f  
emotional r e a c t i o n s ,  although only i n  those cases when t h e  s t r u c t u r e  of t h e  
eomtional s t a t e  contains  r a t h e r  c l e a r  c h a r a c t e r i s t i c s  o f  t h e  " i n h i b i t i n g  
component." This type of s i t u a t i o n  i s  gene ra l ly  observed during a c t i v e  search 
f o r  means of  s a t i s f y i n g  some demand, where t h e  d e s i r e  encounters d i f f i c u l t i e s  
hindering t h e  s o l u t i o n  o f  t h e  behavioral  problem. The 8 rhythm can ha rd ly  be  
a t t r i b u t e d  only t o  negat ive emotions, being no l e s s  c h a r a c t e r i s t i c  f o r  
p o s i t i v e  s t a t e s .  Furthermore, s t rong  negat ive r e a c t i o n s  a r e  more usua l ly  
accompanied by desynchronization of  t h e  EEG than by t h e  w e l l  ordered 8 rhythm. 

c )  Changes i n  c1 Rhythm 

O s c i l l a t i o n s  of t h e  b i o p o t e n t i a l s  a t  8-13 Hz occupy a leading p o s i t i o n  i n  
t h e  human EEG. According t o  t h e  d a t a  of Saunders (19633, t h e  u n i v a r i a t e  
d i s t r i b u t i o n  dens i ty  of c1 rhythm values can be cha rac t e r i zed  by t h e  Gaussian 
r u l e .  The mean frequency of t h i s  rhythm 10 Hz corresponds t o  an 
i n t e r v a l  which i s  q u i t e  e s s e n t i a l  f o r  mental a c t i v i t y .  The observat ions o f  
psychologis ts  and p r e c i s e  experiments on dogs (Papovich, 1957) have shown t h a t  
t h e  conditioned r e f l e x  i s  formed only i f  t h e  i n t e r v a l  between combinations o f  
s t imu lan t s  exceeds 100 msec. This i n t e r v a l  corresponds t o  t h e  minimum t i m e  
necessary f o r  d e t e c t i o n  and d i f f e r e n t i a t i o n  of  a s i g n a l  (Davis, 1957). A 
reduct ion i n  t h e  du ra t ion  o f  s i g n a l  a c t i o n  leads t o  t h e  a c t i v a t i o n  o f  s p e c i a l  
mechanisms f o r  e longat ion o f  t h e  s i g n a l ,  allowing t h e  b r a i n  t o  succeed i n  
performing t h e  ope ra t ion  of a n a l y s i s  (Gershuni, 1963). 

Generalizing material accumulated by phys io log i s t s ,  N .  Wiener (1963) came 
t o  t h e  conclusion t h a t  t h e  h ighe r  segments of  t h e  c e n t r a l  nervous system can / l o 4  
perceive impulses no more f r equen t ly  than each 100 msec. In  t h e  opinion o f  
Adrian (1954), t h e  phys io log ica l  mechanism manifested i n  t h e  o s c i l l a t i o n s  of 
t h e  c1 rhythm breaks up and l i m i t s  t h e  impulsation ( s i g n a l s )  a r r i v i n g  from t h e  
per iphery.  In  o t h e r  words, t h i s  rhythm r e f l e c t s  changes i n  e x c i t a b i l i t y  of  
t h e  c o r t i c a l  s t r u c t u r e s  i n  r e l a t i o n  t o  incoming s i g n a l s  (Walter, W .  G . ,  1954). 
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I n v e s t i g a t o r s  have noted many times t h e  r e l a t i o n s h i p  between t h e  a rhythm 
and t h e  a c t i v i t y  ana lyze r  of t h e  b r a i n .  Perhaps t h i s  f a c t o r  causes t h e  
p a r t i c u l a r l y  clear expression o f  t h e  a rhythm i n  t h e  p o s t e r i o r  areas o f  t h e  
c e r e b r a l  cor tex,  where t h e  h ighe r  cen te r s  o f  v i s i o n  t h e  leading analyzer  
system i n  man are local ized1.  Apparently, it is  n o t  by chance t h a t  t h e  
background rhythm i s  most e f f e c t i v e l y  suppressed (desynchronized) by a b u r s t  
of  l i g h t .  Disconnection o f  t h e  v i s u a l  analyzer  i s  accompanied by a t t e n u a t i o n  
o r  even disappearance o f  t h e  ordered a rhythm (Adrian, Matthews, 1934; 
Novikova, 1960, e t c . ) .  The v a r i e t y  of a a c t i v i t y  recorded i n  t h e  zone of  t h e  
c e n t r a l  motor analyzer  i n  t h e  form of  so -ca l l ed  arc-shaped o r  r o l a n d i c  rhythm 
i s  unique, and is  pressed by propriocept ive impulsation from t h e  muscles and 
j o i n t s .  The appearance of t h i s  rhythm i n  response t o  emotionally colored 
s t imulus ( f o r  example, showing o f  a motion p i c t u r e  f i lm)  probably r e s u l t s  
from increased muscular stress s p i n a l  tonus (Sorel ,  1965). 

Many authors  r e l a t e  t h e  formation o f  t h e  a. rhythm t o  t h e  i n h i b i t i n g  
in f luence  on t h e  c e r e b r a l  co r t ex  o f  t h e  nonspec i f i c  n u c l e i  o f  t h e  thalamus 
(Jasper ,  1954; Roytbak, 1958; Serkov, 1963; Nar ikashv i l i ,  Moniava, Arut'yunov, 
1965, e t c . ) .  However, d a t a  a r e  a v a i l a b l e  which c o n t r a d i c t  t h i s  hypothesis .  
Thus, complete d i s r u p t i o n  of t h e  r i g h t  v i s u a l  tubercile by a tumor d id  no t  lead 
t o  d i s r u p t i o n  o f  t h e  a rhythm o r  asymmetry of  t h e  a rhythm i n  comparison t o  
t h e  e lec t r ica l  a c t i v i t y  o f  t h e  o t h e r  hemisphere (Tumskoy, Mayorchik, 1966). 

When emotional stress appears,  a suppression ( a c t i v a t i o n ,  desynchron
i z a t i o n )  of t h e  a rhythm i s  observed, t o g e t h e r  with reinforcement o f  r a p i d  
B o s c i l l a t i o n s  at  14-30 Hz (L inds l i ,  1960; Gorbov, Myasnikov, Yazdovskiy, 
1953; Glass, 1964 and many o t h e r s ) .  According t o  t h e  d a t a  o f  Lange, 
Storm Van Levena and Verre (1962), constant  predominance of  B a c t i v i t y  i n  t h e  
EEG o f  a s u b j e c t  i n d i c a t e s  increased emotional i ty ,  stress, d i s q u i e t ,  and lack 
of  confidence. A low a index, increased frequency and low amplitude o f  t h e  
a rhythm i n d i c a t e  chronic predominance of e x c i t a t i o n  as an ind iv idua l  s p e c i f i c  
o f  t h e  nervous system of  t h e  person (Teplov and Nebylitsyn, 1963). P u i s t e r  / l o5(1962) considers  t h a t  persons with depressed, low-amplitude, weakly expressed 
cx rhythm a r e  u n s u i t a b l e  f o r  f l y i n g  work. A "f la t"  EEG, decrease i n  t h e  
a index and manifest  B a c t i v i t y  are c h a r a c t e r i s t i c  f o r  p a t i e n t s  s u f f e r i n g  from 
n e u r o t i c  d i s e a s e s ,  with man i fe s t a t ions  of emotional i n s t a b i l i t y  and a f f e c t i v e  
explosiveness (Latash, 1963; Bobkova, Mesishchev, 1967). 

After t h e  c lass ical  works o f  Bremermegun, Moruzzi and t h e i r  school ,  
it became obvious t h a t  depression o f  t h e  a rhythm r e s u l t s  from t h e  a c t i v a t i n g  
in f luence  o f  t h e  r e t i c u l a r  formation i n  t h e  b r a i n  stem. These d a t a  with a 
b a s i s  of t h e  ! 'act ivat ion theory of emotion" suggested by L inds l i  (1960), on 
t h e  b a s i s  of ana lys i s  of t h e  r e t i c u l a r  formation o f  t h e  b r a i n  stem as t h e  
p r i n c i p a l  s u b s t r a t e  o f  emotional r e a c t i o n .  However, " ac t iva t ion  theory" has a 
number of vulnerable  l i n k s .  F i r s t  of  a l l ,  a l a r g e  number o f  facts  i n d i c a t e s  

. . . _ ~ _ F  _-. - ~ = _ _ I _  ___ ~ - . .  -.i 

I The c l o s e  r e l a t i o n s h i p  of t h e  a rhythm and func t ions  of  t h e  eyes t h e i r  
motor c o n t r o l ,  p o s i t i o n ,  information of v i s u a l  axes has been ind ica t ed  by 
recent  works of Mulholand, 1966; Dewan, 1967, e t c .  
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secondary involvement o f  t h e  r e t i c u l a r  formation i n  the  occurrence o f  
emotional r eac t ions  which aye i n i t i a t e d  by spec ia l i zed  centers  i n  t h e  hypo
thalamus (aggression, fear,  s a t i s f a c t i o n ,  e t c . ) ,  as well as descending 
commands from t h e  s t r u c t u r e s  of t h e  neopallium, where f i n e r  eva lua t ion  of  t h e  
s i t u a t i o n  a t  hand occurs.  Direct e lectr ical  s t imulus of t h e  hypothalamus 
causes clear desynchronization of t h e  EEG (Gellhorn, 1960; Baklavadzhan, 1966, 
e t c . ) .  Furthermore, d i s rup t ion  o f  t h e  rear segment of  t he  hypothalamus 
excludes t h e  behavioral  c h a r a c t e r i s t i c s  of e x c i t a t i o n  o f  t h e  animal, although 
a c t i v a t i o n  of t h e  EEG remains i n  t h i s  case (Feldman, Weller, 1962). In  a l l  
p robab i l i t y ,  t h e  r e t i c u l a r  formation more near ly  supports  r egu la t ion  of  t h e  
l e v e l  of exc i t a t ion ,  t h e  l e v e l  of working a b i l i t y  of t h e  h igher  segments of 
t h e  b r a i n  than determines t h e  emotional na ture  of t h e  behavioral  r eac t ions  
(Cardo, 1961). 

On t h e  o t h e r  hand, during mental stress (mental ca l cu la t ions ) ,  t h e  
percept ion o f  emotionally colored words, expectat ion and fear,  many au thors  
have recorded no t  a depression,  but  a reinforcement of the  a rhythm, an 
increase  i n  i t s  amplitude, i nc rease  i n  t h e  ci index (Darrow, 1947; Lorens, 
Darrow, 1962; Kreitman, Shaw, 1965; Emrich, Heinemenn, 1966). According t o  
the  da t a  of P .  V. Simonov (1965b), moderate emotional e x c i t a t i o n ,  t h e  degree 
of which was judged by t h e  increase  i n  pulse  frequency, i s  accompanied by an 
increase  i n  t h e  summary vol tage  of  t h e  ci rhythm, while a f u r t h e r  reinforcement 
of emotional e x c i t a t i o n  leads  t o  a depression of t h e  rhythm. 

How can these  facts be understood i f  we agree with t h e  s ta tement  t h a t  an 
increase  i n  amplitude of t h e  a rhythm ref lects  reinforcement of i n h i b i t o r y  
processes  (Rysunov and Smirnov, 1957; Felinskaya and Ivan i t sk iy ,  1964, e t c . ) ?  
Here w e  must f irst  of a l l  recal l  t h e  property of weak s t imulus t o  increase  t h e  
i n h i b i t o r y  processes  i n  t h e  c e n t r a l  nervous system. Thus, a weak e l e c t r i c a l  
s t imulus of t h e  p o s t e r i o r  hypothalamus or r e t i c u l a r  formation of  t he  b r a i n  
stem depresses b i o e l e c t r i c a l  a c t i v i t y  of t he  c o r t i c a l  s t r u c t u r e s  caused by 
app l i ca t ion  o f  s t rychnine ,  while  a s t rong  s t imulus r e in fo rces  it (Gellhorn, 
1960). Stimulus of t h e  r e t i c u l a r  formation of t he  middle b r a i n  i n  t h e  r a b b i t  
by s igna l s  a t  6 Hz i n h i b i t e d  t h e  a c t i v i t y  of 30% of t h e  neurons and reinforced 
the  a c t i v i t y  of  22%.  A t  150 H z ,  these  f igu res  were 24 and 56%' re spec t ive ly .  
In o t h e r  words, an increase  i n  t h e  s t r eng th  (frequency) o f  t h e  s t imula t ion  
leads t o  an inc rease  i n  t h e  number of ac t iva t ed  neurons and a decrease i n  t h e  
number of i n h i b i t e d  neurons (Krupp, Monnier, 1964). 

Using t h e  example of t h e  changes i n  a rhythm, w e  w i l l  see t h a t  emotional 
s t r e s s  is a r e s u l t  o f  dynamic ex is tence  and complex in t e rac t ion  o f  exc i t ing  
and inh ib i t i ng  mechanisms. The degree of involvement of  t h e s e  counterdirected 
mechanisms, t h e i r  s p e c i f i c  g r a v i t y ,  " t h e i r  balance,  depending on t h e  
q u a l i t a t i v e  and q u a n t i t a t i v e  c h a r a c t e r i s t i c s  of a given emotional stress, 
determine t h e  electroencephalographic  expression of  t h e  emotion. Rephrasing 
D. L inds l i ,  w e  can s ta te  t h a t  t h e  emotional r eac t ion  i s  not  "ac t iva t iona l , "  
bu t  "ac t iva t ion- deacti v a t  ion a1 i n  na ture .  

/ lo6  

97 




d )  	Hypothetical Diagram o f  Mechanism of  Changes i n  E E G  During Emotional 
S t r e s s  

Thus, w e  can see t h a t  t h e  electroencephalogram recorded a t  t h e  s u r f a c e  
is  a r e s u l t  o f  t h e  complex i n t e r a c t i o n  of e x c i t a t i o n  and i n h i b i t i o n  processes 
on t h e  ce reb ra l  cor tex.  We assume t h a t  i n  o r d e r  t o  cl.arify t h e  EEG 
manifestat ions of va r ious  emotional states, i t  i s  important t o  acknowledge not 
t h e  v a r i a t i o n s  i n  in f luences ,  no t  t h e  predominance of  i n h i b i t i o n  over 
a c t i v a t i o n  o r  a c t i v a t i o n  over i n h i b i t i o n ,  b u t  t h e  dynamic ex i s t ence  of 
i n h i b i t o r y  and a c t i v a t i n g  mechanisms. The t r a n s i t i o n  from s t rong  emotional 
e x c i t a t i o n  t o  r e s t ,  drowsiness and s l e e p  cannot be r ep resen ted  as a simple, 
u n i d i r e c t i o n a l  replacement of r ap id ,  low-amplitude o s c i l l a t i o n s  by slow, 
high-amplitude waves. The a c t i v i t y  of  t h e  synchronizing mechanisms can 
inc rease  i n  para1 le1 with reinforcement o f  e x c i t a t i o n .  

-
Contact Comfort ] D i s s a t i s f a c t i o n  h i s g u s tAct ion _ _  . 

c -. . 

.-0 Defense Relaxation A c t i v e  Fear,  panic Fear 
w 
u t Y .  . .  -

Furya Combat Coolness 
1 A ’ a r m  

Frenzy, Prostra! t ion ... I+ 

Figure 49 

On Figure 49 we have attempted t o  show schematical ly  t h e  i n t e r a c t i o n  of 
t h e  e x c i t i n g  and i n h i b i t i n g . f a c t o r s  i n  var ious emotional s ta tes  of man. 
Although t h i s  diagram must unavoidably s impl i fy  t h e  a c t u a l  complexity o f  t h e  
phenomena and i s  hypo the t i ca l  i n  na tu re ,  it c l e a r l y  i l l u s t r a t e s  a very 
important s ta tement ,  concerning t h e  absence of  d i r e c t  r e c i p r o c i t y  (antagonism) 
between e x c i t i n g  and i n h i b i t i n g  mechanisms. 

The absc i s sa  corresponds t o  t h e  degree o f  emotional s t r e s s  E ,  which i n  
t u r n  i s  determined, on t h e  one hand, by t h e  demand and on t h e  o t h e r  hand by / l o7  
t h e  d e f i c i t  (negat ive emotions) o r  excess ( p o s i t i v e  emotions) of  pragmatic 
information, cha rac t e r i z ing  t h e  c o n t r a s t  between prognosis (p robab i l i t y  o f  
achievement of a goa l ,  e a r l i e r  p red ic t ed  by t h e  s u b j e c t )  and the  r e a l i t y  
( p r o b a b i l i t y  of s a t i s f a c t i o n  o f  t h e  demand determined a t  t h e  given moment). 
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The inves t iga t ions  o f  phys io logis t s  show t h a t  t he  estimate o f  t he  proba
b i l i t y  of achieving a goal is  performed by t h e  b r a i n  on t h e  b a s i s  of  
he red i t a ry  and ind iv idua l  acquired experience.  

The o rd ina te  G corresponds t o  t h e  degree o f  stress of  t h e  ac t iva t ing ,  
exc i t i ng ,  desynchronizing ( s o l i d  l i n e )  and i n h i b i t i n g ,  deac t iva t ing ,  
synchronizing mechanisms (dot ted  l i n e ) .  Let u s  .analyze the  electroenceph
alographic  c h a r a c t e r i s t i c  of var ious emotional states. 

1. For t h e  s ta te  o f  res t ,  predominance o f  synchronizing inf luences  i s  
c h a r a c t e r i s t i c ,  corresponding t o  c l e a r l y  expressed a rhythm. This state 
f requent ly  and most e a s i l y  leads  t o  s l eep iness .  

2 .  During p o s i t i v e  emotions, e x c i t a t i o n  i s  c l e a r l y  increased,  although 
a t  t h e  same time an inc rease  i n  i n h i b i t o r y  inf luences  i s  observed. This 
s i t u a t i o n  f requent ly  manifests  i t se l f  i n  per iods o f  exu l t a t ion  ( increasing 
amplitude) of t h e  c1 waves, as w e l l  as a reinforcement of 8 a c t i v i t y .  However, 
t h i s  does not  exclude, p a r t i c u l a r l y  during s t rong  p o s i t i v e  emotions, 
phenomena o f  depression o f  t h e  c1 rhythm and reinforcement of rap id  B 
o s c i l l a t i o n s .  I t  i s  q u i t e  probable t h a t  t h e  very combination of a c t i v a t i o n  of 
e x c i t i n g  and i n h i b i t i n g  mechanisms and t h e  adequacy of  t he  " inh ib i to ry  
defense" of  t h e  b r a i n  s t r u c t u r e s  a r e  t h e  b a s i s  f o r  t h e  p r a c t i c a l  harmlessness 
f o r  t h e  organism of even s t rong  p o s i t i v e  emotions. In  any case,  c l i n i c a l  
medicine knows o f  no neuro t i c  d i so rde r s  o r  psychosomatic d iseases  which a r i s e  
as a r e s u l t  o f  t o o  much joy.  A f e e l i n g  p o s i t i v e  i n  i t s  co lo ra t ion  may be 
dangerous only f o r  persons with deep organic  pathology o f  t h e  cardiovascular  
system, when any add i t iona l  stress i s  undesirable .  

3 .  For nega t ive  emotions, appearing i n  animals with r ap id  motor a c t i v i t y  
( i n  man t h e  ex te rna l  mani fes ta t ion  of emotions i s  f r equen t ly  suppressed) shows 
most t y p i c a l l y  s t rong  e x c i t a t i o n  with manifest  depression of  t h e  c1 rhythm and 
an increase  i n  r ap id  o s c i l l a t i o n s .  I t  must be emphasized t h a t  i n  t h e  f irst  
s tages  of development o f  t h i s  type of emotion, t h e  i n h i b i t o r y  inf luences 
continue t o  increase ,  which i s  manifested i n  cases  of  e x a l t a t i o n  o f  t h e  
c1 rhythm, and reinforcement of 8 a c t i v i t y .  However, i n  con t r a s t  t o  p o s i t i v e  
emotions, t h e  s t a b i l i z i n g  mechanisms soon predominate over t h e  increas ing  
exc i t a t ion .  

4. Unique r e l a t i o n s h i p s  a r e  observed i n  the  s t a g e  i n  which negat ive 
emotions t ake  on a manifest  pass ive  na ture  (deep g r i e f ,  s t rong  f e a r  r e s u l t i n g  
i n  immobility, e t c . ) .  On t h e  background of ever  increas ing  tonus we observe 
here  c lear  predominance o f  i n h i b i t o r y  inf luences with t h e  manifestat ion of 
slow waves i n  t h e  electroencephalogram. There i s  some foundation f o r  r e l a t i n g  
t h i s  p i c t u r e  t o  t h e  i n h i b i t o r y  inf luences of  t he  lower (bulbar) synchronizing 
system. This  i dea  i s  supported by t h e  c a p a b i l i t y  of  t h i s  system t o  i n h i b i t  
t h e  r eac t ion  of aggression (Tsanket t i ,  1965) and c l e a r  symptoms of a c t i v a t i o n  
of t h e  parasympathetic segment of t h e  vege ta t ive  nervous system (decrease i n  
pulse ,  nausea, vomiting, involuntary defecat ion and u r i n a t i o n ) .  

/ lo8  

99 



These a r e  t h e  genera l  c h a r a c t e r i s t i c s  o f  t h e  ac t iva t ion -deac t iva t ion  
i n t e r a c t i o n  with increas ing  emotional stress. We r e p e a t ,  our  diagram i s  
r a t h e r  approximate and hypo the t i ca l ,  b u t ,  t o  some e x t e n t ,  a l lows us t o  o r i e n t  
ourse lves  i n  t h e  con t r ad ic to ry  information provided by t h e  phys io logica l  
l i t e r a t u r e .  We hope t h a t  f u r t h e r  i n v e s t i g a t i o n s  w i l l  a l low t h e  phenomenology 
of e lectroencephalographic  changes dur ing  va r ious  emotional s t a t e s  as wel l  as 
t h e  essence of t h e  mechanisms which determine them t o  be c l a r i f i e d .  

e) Resul ts  o f  Experiments 

In conclusion, l e t  us analyze c e r t a i n  p r a c t i c a l  r e s u l t s  of s p e c t r a l  
ana lys i s  o f  t h e  a and 8 rhythms of t h e  EEG, al lowing us  t o  eva lua te  t h e  na tu re  
o f  t h e  behavior  of t h e  s p e c t r a l  dens i ty  o f  t h e  processes  inves t iga t ed  during 
changes i n  t h e  degree o f  emotional s t r e s s  o f  t h e  tes t  s u b j e c t s  i n  t h e  
experiment (determinat ion o f  a s i g n i f i c a n t  s t imu lus ) .  

The sampling c o r r e l a t i o n  func t ions  BT ( T )  were determined us ing  a d i s c r e t e  

analog of  t h e  fol lowing formula (Pugachov, 1957): 

where y ( t )  is  t h e  s i g n a l  a t  t h e  output  of t h e  corresponding f i l t e r  o f  t h e  / l o 9  

s p e c t r a l  ana lyzer ,  t h e  band pass  of which i s  Af = (8-13) H z  f o r  t he  a rhythm 

o r  A f  = (4-8) Hz for t h e  8 rhythm; T i s  t h e  du ra t ion  o f  r e a l i z a t i o n  of t h e  

process;  T is  t h e  s h i f t  i n  t h e  c o r r e l a t i o n  func t ion  0 G T G Tmax ’ y,(t) i s  t h e  


sampling mean va lue  of y ( t ) .  

Fragments of  t h e  EEG with t h e  separa ted  cx rhythm s i g n a l s  [cx(t)] and 
8 rhythm s i g n a l s  [ 0 ( t ) ]  f o r  t h e  s t a t e  of r e s t  and high emotional s t r e s s  of  t h e  
ope ra to r  (expectat ion of  pa in  s t imulus)  a r e  shown on Figures 50 and 51 
r e spec t ive ly .  The index I marks t he  readings from t h e  i n t e g r a t o r .  

The c o r r e l a t i o n  func t ion  s t e p  i s  determined from t h e  condi t ion  t h a t  over 
an i n t e r v a l  as long as one per iod  of t h e  h ighes t  frequency harmonic observed 
i n  t h e  recording of t h e  random s i g n a l  being i n v e s t i g a t e d ,  t h e r e  a r e  not  over 
6-10 readings.  

I n  order  t o  f i n d  the  smoothed s p e c t r a l  e s t ima tes  FT( f ) ,  we used t h e  
expression 
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i n  which t h e  Hamming func t ion  was taken as t h e  weight funct ion p ( t ) ,  
al lowing u s  t o  produce r a t h e r  s a t i s f a c t o r y  r e s u l t s  from s p e c t r a l  a n a l y s i s  o f  
s t a b l e  random processes  over  r a t h e r  s h o r t  observat ion i n t e r v a l s  with f i n i t e  
s h i f t  T (Kagnnan, 1964; Meshalkin, Yefreymova, 1965). Here, t h e  r e l a t i o n s h i p  
between est imates  of s p e c t r a l  d e n s i t y  F:(f) f o r  t h e  case p ( t )  E 1 and FT(f) 

determined using t h e  Hamming weight func t ion  can b e  descr ibed by t h e  formula 

where t h e  quan t i ty  i s  t h e  r e so lv ing  capaci ty  o f  s p e c t r a l  a n a l y s i s  

(Viner, 1961). 

The graphs o f  FT(f) of  t h e  a rhythm, constructed f o r  va r ious  s t a t e s  of  

t h r e e  t es t  s u b j e c t s ,  are shown on Figure 52, i n  which w e  have used t h e  
symbols : 

FI(f)= F T ,  (f), T I  = 35 set, rmax= 6.5 sec; 

F2 (f)= F T ,  (f), T2= 10 sec, rmax= 3 sec; 

F i ( f )  T T ,(I),2'3 = 15 sec, ' Tmax = 4.5sec; 

The curves denoted by t h e  f i g u r e  1 on t h e  graphs of  F l ( f )  and Fg(f) and 

t h e  f i g u r e  2 on t h e  graph f o r  F2 ( f )  a r e  es t imates  of t h e  s p e c t r a l  dens i ty  f o r  

t h e  s ta tes  of  weak emotional stress of t h e  ope ra to r s  ( s i g n a l s  of low s i g n i f 
icance,  carrying no information concerning immediate p o s s i b i l i t y  of  p a i n f u l  
a c t i o n ) ,  and curve 1 on t h e  s p e c t r a l  p i c t u r e  of F2 ( f )  c h a r a c t e r i z e  t h e  s t a t e  /111 

o f  res t  (eyes open). 

These dependences have a manifest  s p e c t r a l  peak which p r imar i ly  d e t e r 
mines t h e  "rhythm" o f  t h e  o s c i l l a t i o n s  ( the  presence of t h e  l'rhythm"), 
observed v i s u a l l y  i n  va r ious  s i t u a t i o n s .  The g r e a t e r  t h e  sha re  of t h e  
spectrum which i s  concentrated i n  a c e r t a i n  band about t h e  mean frequency and 
t h e  narrower t h i s  band, t h e  more t h e  o s c i l l a t i o n s  o f  t h e  a rhythm a t  t h e  
output of t h e  s p e c t r a l  ana lyze r  w i l l  resemble t h e  o s c i l l a t i o n s  of  a s i n e  wave 
with slowly changing amplitude and phase (see Figure SO). We no te  t h a t  with 
otherwise equal condi t ions,  estimate F1( f )  c a l c u l a t e d  f o r  a longer r e a l i z a t i o n  

has less e r r o r  t han  F 2 ( f )  and F g ( f ) .  
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With inc reas ing  degree of  emotional stress, t h e  s p e c t r a l  dependencies 
are deformed, t h e  s p e c t r a l  peak has a tendency t o  "erosion" and i t s  c l a r i t y  
decreases .  Curves 2 and 3.on t h e  graphs of F l ( f )  and F2( f )  are constructed 

f o r  comparatively high emotional stress ( s i g n i f i c a n t  s i g n a l ,  p o s s i b i l i t y  o f  
p a i n f u l  s t imulus) .  I n  t h i s  case, t h e  "rhythm" of  t h e  o s c i l l a t i o n s  of t h e  
a rhythm is d i s r u p t e d  t h e  band width of  t h e  process  inc reases  (see 
Figure 51).  

The graph F2( f )  i l l u s t r a t e s  t h e  predominance o f  t h e  inf luence of  
mechanisms of e x c i t a t i o n  which i n  t h e  f i n a l  a n a l y s i s  l ead  t o  depression o f  t h e  
a rhythm with r a t h e r  s t r o n g  emotional stress. 

C h a r a c t e r i s t i c  2 on t h e  graph of F3(f )  i s  constructed with e x a l t a t i o n  o f  

t h e  a rhythm ( s i g n i f i c a n t  s i g n a l ) ,  which was judged by t h e  inc rease  i n  
mean amplitude o f  i n t e g r a t o r  readings,  which i s  proport ional  t o  t h e  d i s p e r s i o n  
(or t h e  mean square va lue )  o f  t h e  i n i t i a l  process  (see 94.2). The s p e c t r a l  
peak was d i sp laced  i n t o  t h e  area of h ighe r  f requencies ,  causing an i n c r e a s e  i n  
t h e  mean frequency o f  o s c i l l a t i o n s  observed over  i n t e r v a l  T. Experimental 
processing o f  t h e  ma te r i a l  showed t h a t  with inc reas ing  degree of emotional 
stress ( t h e  ct rhythm i s  depressed) t h e  d i s p e r s i o n  of  t h e  process y ( t )  
decreases1. Thus, t h e  usage of t h e  F - d i s t r i b u t i o n  f o r  t h e  r a t i o  o f  sampling 
d i spe r s ions  (Nalimov, 1960; van d e r  Waarden, 1960; s e e  a l s o  53.8) during t h e  
inf luence o f  emotionally s i g n i f i c a n t  and n e u t r a l  s i g n a l s ,  i nd ica t ed  a decrease 
i n  d i spe r s ion  f o r  t h e  s ta te  o f  emotional stress with a l e v e l  of  s i g n i f i c a n c e  
o f  0.05 i n  most experiments. An exception, most probably, cons i s t ed  o f  t hose  
s i t u a t i o n s  i n  which t h e  p o s s i b i l i t y  of moderate e lectr ical  reinforcement a t  
t h e  s k i n  i n  the  experiments was not a s u f f i c i e n t l y  s i g n i f i c a n t  s t imulus f o r  
t h e  tes t  s u b j e c t .  The number o f  independent readings was estimated by t h e  
expression N = A f - T ,  where t h e  value o f  A f ,  cha rac t e r i z ing  t h e  energy band o f  / 1 1 2  
t h e  process with t h e  t es t  s u b j e c t  i n  t h e  s t a t e  o f  r e s t  (20 persons) o r  i n  
s imilar  s i t u a t i o n s  ( f o r  example, showing of n e u t r a l  s i g n a l s )  was assumed equal 
t o  0.8-1 Hz i n  correspondence with t h e  t i m e  r equ i r ed  f o r  a t t e n u a t i o n  t o  l e v e l  
0 .1  (es t imate  o f  c o r r e l a t i o n  i n t e r v a l  -ck) f o r  normalized c o r r e l a t i o n  funct ions 

=( T ~  l /Af) .  On t h e  o the r  hand, as w i l l  b e  shown below i n  t h e  ana lys i s  of 

s i g n a l s  a t  t h e  output of t h e  i n t e g r a t o r  of b i o e l e c t r i c a l  a c t i v i t y ,  i n  t h e  case 
Af x 1 Hz, good correspondence between t h e o r e t i c a l  and experimental r e l a t i v e  
e r r o r s  i n  c a l c u l a t i o n  o f  mean square values  (d i spe r s ion )  of t h e  ct rhythm i n  
t h e  s t a t e  o f  rest of t h e  t e s t  sub jec t  i s  produced. 

- __ . ... . - .* According t o  t h e  ~ ~ c y i t e x o n ,tEe hypothesis  -of normal d i s t r i b u t i o n  of 
values  o f  a rhythm y ( t )  is  n o t  con t r ad ic t ed  by t h e  experimental d a t a  i n  t h e  
overwhelming ma jo r i ty  o f  experiments performed ( r ega rd le s s  o f  t h e  l e v e l  o f  
emotional s t r e s s ) .  
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Figure 53 

Figure 53 shows estimates of t h e  s p e c t r a l  d e n s i t y  F l ( f )  of  t h e  8 rhythm: 

constructed using t h e  same r e a l i z a t i o n s  of t h e  EEG as t h e  graphs o f  F l ( f )  f o r  

t h e  01 rhythm, t h e  curves 1 and 2 of  e rhythm corresponding t o  curves 2 and 1 
o f t h e  c1 rhythm. Combined a n a l y s i s  of  graphs of F1( f )  shows t h a t  with 

s u f f i c i e n t l y  high emotional stress, t h e  s p e c t r a l  e s t ima te  o f  t h e  8 rhythm has 
a manifest  s p e c t r a l  m a x i m u m  (4-5-Hz frequency area). I n  t h i s  case,  t h e  
electroencephalogram begins  t o  show clear  v i s u a l l y  obvious "rhythm" o f  t h e  
8 waves, whereas t h e  c1 rhythm i s  depressed, i n d i c a t i n g  t h e  continuing 
predominance of  i n h i b i t o r y  in f luences  a g a i n s t  t h e  background of comparatively 
s t r o n g  e x c i t a t i o n  ( p o s s i b i l i t y  o f  pa in fu l  s t imu lus ) .  With low emotional 
stress ( a  s t a t e  n e a r  t h e  s t a t e  o f  rest) t h e  s p e c t r a l  peak of  t h e  6 rhythm has 
a weak cha rac t e r  (curve 2 ) .  I n  t h e  electroencephalogram, o s c i l l a t i o n s  of  t h e  
c1 rhythm are noted, i n d i c a t e d  by c h a r a c t e r i s t i c  1 (see Figure 52, 
graph F l ( f ) ) .  In  t h i s  case, e x c i t a t i o n  i s  low. I n h i b i t o r y  inf luences 
predominate, although they  are l e s s  s t r o n g l y  expressed than i n  t h e  r e a c t i o n  of  
t h e  test  sub jec t  t o  a s i g n i f i c a n t  s i g n a l  analyzed above. We no te  t h a t  i n  many 
experiments, t h e  s p e c t r a l  p i c t u r e  o f  t h e  EEG rhythms had a main s p e c t r a l  peak 
with two maximums and a r a t h e r  deep depression between them, which i s  
explained, on t h e  one hand, by t h e  corresponding changes i n  t h e  s t a t e  o f  t h e  
t e s t  s u b j e c t  during t h e  observat ion i n t e r v a l  and, on t h e  o t h e r  hand, by e r r o r s  
i n  c a l c u l a t i o n .  However, t h e  na tu re  o f  t h e  behavior o f  s p e c t r a l  dependencies 
f o r  t h e  ope ra to r  states being i n v e s t i g a t e d  was r e t a i n e d  i n  these  cases as 
w e 1  1. 

The changes i n  t h e  experimental s p e c t r a l  func t ions  o f  t h e  c1 and 8 
rhythms analyzed above are i n  good correspondence with t h e  electroencephalo
graphic  c h a r a c t e r i s t i c s  presented i n  a n a l y s i s  o f  t h e  model o f  t h e  i n t e r a c t i o n  
of e x c i t i n g  and i n h i b i t i n g  mechanisms f o r  va r ious  emotional s t a t e s  o f  man 
(see §4.1', s e c t i o n  lfdll). The usage o f  t h e  Vo l t e r r a  r u l e s  i n  t h i s  case allows 

us  t o  estimate t h e  na tu re  of t h e  r a t i o s  between i n h i b i t o r y  and e x c i t a t i o n  
mechanisms (judging from t h e  p o s i t i o n  o f  t h e  s p e c t r a l  maximum) as app l i cab le  
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t o  t h e  model o f  t h e  formation o f  t h e  rhythmic EEG o s c i l l a t i o n s  (see 
Chapter 4, In t roduc t ion ) .  

E f f e c t i v e  c a l c u l a t i o n  of s p e c t r a l  evaluat ions can only be  performed by 
high-speed computer. In  c e r t a i n  cases, coarser  c h a r a c t e r i s t i c s  may b e  
s u f f i c i e n t  f o r  d e s c r i p t i o n  o f  t h e  human s ta tes  being inves t iga t ed .  Below we 
analyze t h e  ope ra t ion  of  a b r a i n  b i o e l e c t r i c a l  a c t i v i t y  i n t e g r a t o r ,  t h e  
i n d i c a t i o n s  of  which are used i n  primary processing o f  material ,  and some 
problems i n  t h e  production o f  information on t h e  n a t u r e  of t h e  s p e c t r a l  
d e n s i t y  on t h e  b a s i s  of t h e  average number of times t h e  process  being 
i n v e s t i g a t e d  crosses  t h e  zero l e v e l  p e r  u n i t  t i m e  are analyzed. 

94.2. Analysis o f  EEG In t eg ra to r  O u t p u t  Signals  

A t  t he  present  time, one broadly used method for  q u a n t i t a t i v e  evalu
a t i o n  o f  t h e  EEG i n  e lectrophysiology i s  measurement of t h e  summary 
e l e c t r i c a l  a c t i v i t y  o f  t h e  b r a i n  U(T).  Quantity U(T) i s  determined by t h e  
a rea  bounded by t h e  zero l i n e  and t h e  r e c t i f i e d  vo l t age  o f  t h e  e l e c t r o 
encephalogram o r  any of i t s  rhythm over a given t i m e  s e c t o r  T .  This 
i n d i c a t o r  has been used i n  primary processing of d a t a  as one of t h e  
c h a r a c t e r i s t i c s  of t h e  degree o f  emotional s t r e s s  and as an i n d i c a t o r  o f  EEG 
rhythm behavior (depression, e x a l t a t i o n ,  e t c . )  a t  t h e  output f i l t e rs  of  t h e  
EEG s p e c t r a l  analyzer  (see 54.1, s ec t ion  I re r r ) .  

L e t  u s  analyze a t y p i c a l  block diagram of measurements, presented on 
Figure 54, where f o r  s i m p l i c i t y  we have shown only one o f  t h e  N p a r a l l e l  
processing channels.  The electroencephalogram x ( t )  i s  f e d  t o  a system o f  
l i n e a r  f i l t e r s  @. ..@N-l with frequency c h a r a c t e r i s t i c s  C(w) .. .CN-l (w) , w i t h  

r a t h e r  good l i n e a r i t y ,  t he  band pass  p r o p e r t i e s  of which a r e  determined by 
t h e  EEG rhythms (Kozhevnikov, Mescherskiy, 1963). The output vo l t age  y ( t )  of /114 
a c e r t a i n  f i l t e r  @ i s  r e c t i f i e d  [ z ( t ) ]  by s i n g l e  o r  dual half-wave noniner
t i a l  d e t e c t o r  N I D  and f ed  t o  i n t e g r a t i n g  device I .  The ope ra t ing  time of t h e  
i n t e g r a t o r  T i s  p e r i o d i c a l l y  f i x e d  by c i r c u i t  P 2 ,  a f te r  which t h e  reading 

u ( t )  i s  read and c l ea red .  Reading i s  performed by device P1, which scans t h e  

In  correspondence withoutputs  of  t h e  i n t e g r a t i n g  f i l t e r s  i n  a l l  channels. 

t h e  above, t h e  t o t a l  e l e c t r i c a l  a c t i v i t y  of t h e  b r a i n  U(T) i n  a c e r t a i n  

frequency band i s  determined by t h e  expression (see Figure 54):  

u(2') =; 1,I( t )d S .  
0 


(4.2 . l )  

Below w e  analyze t h e  dependence o f  quan t i ty  U(T) on t h e  parameters o f  
t h e  measuring c i r c u i t  and t h e  input  process y ( t )  and estimate t h e  e r r o r  i n  
its measurements over  f i n i t e  observat ion i n t e r v a l  Tob' 

105 



------- 

-- -- 

L e t  us analyze t h e  quest ions 
__ r e l a t e d  t o  t h e  passage o f  s i g n a l s  

through t h e  c i r cu i t s  of t h e  b r a i n  
.-\* 	 I r_ _ _ _ _ _ _ _ _ _ - _ _  I summary e lec t r ica l  a c t i v i t y  measuring

I . / I  - _ _ _ _ _ _ - _ _ _ _ - - .40 I 	 device.  Since t h e  c i r c u i t  cons i s t s  of  
N p a r a l l e l  i d e n t i c a l  measurement 
channels @ -t N I D  +- I -t P 1' ana lys i s  i s  

! I 

Z!,Ti Uiin performed i n  general  f o r  one channel, 

4 p2 Cer ta in  ear l ie r  published works 
(Rozenblit ,  1962; Viner, 1963; 

Figure 54 Saunders, 1963; Grindel ' ,  1965) and our 
experimental r e s u l t s  (see 94.1, 
s ec t ion  "e") i n d i c a t e  t h a t  t h e  Q rhythm 
a t  t h e  output o f  t h e  s p e c t r a l  analyzer  

.3 
Yirl #g$lt h a t  car ry ing  t h e  Q rhythm.NID 

f i l t e r  a ( t )  can be  descr ibed f o r  t h e  states o f  i n t e r e s t  t o  us by a 
narrow band, Gaussian random process .  The energy spectrum o f  t h i s  process i n  
general  i s  concentrated i n  the  area of  a c e r t a i n  mean frequency f 

C' 
and t h e  

co r re l a t ion  func t ion  has a slowly a t t enua t ing ,  o s c i l l a t i n g  na ture .  In t h e  
following, we w i l l  assume 

3 ( t )  = I y ( I ) ;  fi)=--: 0 ,  

where, as was a l ready  noted, y ( t )  i s  t h e  r e s u l t  of passage of t h e  EEG through /115 

t h e  l i n e a r  system ( f i l t e r )  with frequency c h a r a c t e r i s t i c  presented on 

Figure 55 ( the  ove r l ine  r ep resen t s  s ta t i s t ica l  averaging).  


Based on t h e  above, t h e  au tocor re l a t ion  
funct ion and energy spectrum F

Y 
(w) o f  t h e  reac t ion  

of  t h e  f i l t e r  y ( t )  can be represented i n  t h e  
following form (Levin, 1966) ::;j( q/(z) = fj!,,(7;)'1' (", XT); 

17, ((I)) -.: C' (0))Px ((O), (4.2.2) 

f j
*+,c fl -(? !j -+ <j-;. ;; ,,.Hz where the  s p e c t r a l  dens i ty  F (w), i . e .  t h e  Fourier  

YOFigure 55 t ransform of t h e  slowly changing term B (T), i s  
YO 

pr imar i ly  concentrated about t h e  zero frequency, 
while t h e  s p e c t r a l  dens i ty  corresponding t o  t h e  r ap id ly  changing term 
+(wc, Q

T
) is  concentrated i n  a narrow band o f  f requencies  depending on Q 

T' 
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about wc. Response z ( t )  of  t h e  n o n i n e r t i a l  d e t e c t o r  N I D  is  s t a t i o n a r y ,  i f  

t h e  input  a c t i o n  y ( t )  is s t a t i o n a r y  and def ined by t h e  parameters o f  y ( t )  and 
t h e  nonl inear  element. The output  signal o f  t h e  i n t e g r a t o r  depends, 
obviously, on t h e  a n a l y s i s  t i m e  T and on process  z ( t ) .  The r e l a t i o n s h i p  
between t h e  response of  t h e  i n t e g r a t i n g  f i l t e r  u(T) and t h e  pe r tu rba t ion  
which causes it z ( t )  can be  represented with zero i n i t i a l  condi t ions by a 
Duhamel i n t e g r a l  i n  t h e  form 

T T 


(4.2.3) 

11 ( t )  z3 0 ,  t <.0, 
2 (1 )  G 0 ,  f.  <0 ,  

where h ( t )  i s  t h e  p u l s e  t r a n s i e n t  c h a r a c t e r i s t i c  r e l a t e d  t o  t h e  s t a b l e  
complex t ransmission func t ion  o f  t h e  quadrupole ( f i l t e r )  H ( j w )  by Fourier  
transforms: 

(4.2.4) 

I1 (I)  :7 

(4.2.5) 

The modulus and argument of t h e  ‘ t r a n s f e r  func t ion  

(4.2.6) 

are t h e  frequency C(w) and phase +(w)  c h a r a c t e r i s t i c s  of t h e  f i l t e r .  

Keeping i n  mind t h e  f i n i t e  na tu re  of a n a l y s i s  t i m e  T, ‘it i s  convenient /116 
t o  represent  t h e  new p u l s e  c h a r a c t e r i s t i c  h ( t ,  T) such t h a t  it i s  equal t o  
t h e  r eac t ion  of t h e  f i l t e r  t o  a u n i t  impulse wi th in  t h e  observation i n t e r v a l  
and equal t o  zero o u t s i d e  t h i s  i n t e r v a l  (Davenport, Johnson, Middleton, 
1952) : 

(4.2.7) 
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where t i s  t h e  instantaneous moment of t h e  reading;  T is  t h e  observation 
i n t e r v a l .  

Under these  condi t ions  a t  moment of reading t = T, expressions 
(4.2.3), (4.2.4), (4.2.5) can be represented i n  t h e  fol lowing form [for 
brev i ty ,  we assume u(T, T) f u(T)] 

(4.2.9) 

(4.2.10) 

Function H ( j w ,  T) i s  t h e  instantaneous complex t r a n s f e r  c h a r a c t e r i s t i c  o f  t h e  
f i l t e r ,  where 

(4.2.11) 

The new pulse  r e a c t i o n  h ( t ,  T) ,  as well as the  t r a n s f e r  funct ion 
H ( j w ,  T) combines t h e . e f f e c t  of averaging o f  t h e  low-frequency f i l t e r  and an 
effect  which is  t h e  r e s u l t  of  t h e  f i n i t e  na tu re  o f  ana lys i s  t i m e  T .  

-
The expressions f o r  t h e  mean value u(T) and t h e  d ispers ion  02(T) of

U 

process  u(T) a t  t h e  output  of  i n t e g r a t i n g  f i l t e r  I can be  produced on the  
b a s i s  o f  formulas (4.2.7),  (4.2.8):  

In order  t o  determine d ispers ion  0 2 ( T ) ,  w e  use t h e  equation
U 

- ..-. __
3;L,(. I ,)  . [ l b  ( 1 ' ) y- l u  (?')]Z (4.2.13) 
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and f i n d  t h e  mean square of random quan t i ty  u(T): /117 

Performing replacement o f  v a r i a b l e s  T = y - x; x = x, w e  produce 

C i  

5,7’) I 1  (2’ 

(4.2.14) 

where BZ(.) = z (x )z (x  .t T )  i s  t h e  au tocor re l a t ion  funct ion o f  response z ( t )  

o f  n o n i n e r t i a l  d e t e c t o r  N I D ,  while t h e  expression 

p,, p,7’) :. 
\ 11 (1’---J,7’) 11 (7’ - 2:- T. 1‘)r1.c 

(4.2.15)-~.\, 

depends only on t h e  parameters o f  t h e . i n t e g r a t i n g  f i l t e r .  

Relat ionships  (4.2.12),  (4.2.13),  (4.2.14) show t h a t  t h e  d i spe r s ion  and 
mean value o f  s i g n a l  u(T) are determined by t h e  c h a r a c t e r i s t i c s  of t h e  l i n e a r  
system ( i n t e g r a t o r  I ) ,  and au tocor re l a t ion  func t ion  B ( T )  . With unl imited 

Z 

i nc rease  i n  T ,  random q u a n t i t i e s  z ( t )  and z ( t  + T )  become s t a t i s t i c a l l y  
independent. The mean va lue  of t h e  product of  t h e  s t a t i s t i c a l l y  independent 
q u a n t i t i e s  i s  equal t o  t h e  product o f  t h e  mean values o f  t h e  co fac to r s .  
Consequently, 

(4.2.16) 

Autocorrelat ion func t ion  B 
Z 

( T )  i s  determined by t h e  parameters of  t h e  

n o n i n e r t i a l  nonl inear  device NID and ac t ion  y ( t ) ,  r e l a t e d  t o  process  z ( t )  by 
a c e r t a i n  funct ional  dependence cha rac t e r i z ing  t h e  type o f  t h e  non l inea r  
element (see Figure 54).  

109 




-- 

Let us analyze t h e  n o n i n e r t i a l  d e t e c t o r  NID i n  t h e  general  case as a 
r e c t i f y i n g  device,  made up o f  nonl inear  elements wi th  s i n g l e  half-wave 
v-th power c h a r a c t e r i s t i c s :  

(4.2.17) 

Common examples o f  such devices  include s i n g l e  half-wave v-th power 
devices with t h e  c h a r a c t e r i s t i c  

and dual half-wave v- th  power devices with t h e  c h a r a c t e r i s t i c s  /118 

(4.2.19) 

where a i s  t h e . s c a l e  f a c t o r ,  v i s  a nonnegative real  number. Where v = 1, on 
t h e  b a s i s  of (4.2.17),  we produce, f o r  example, a s i n g l e  half-wave r ec t i f i e r ,  
and where v = 2 a dual  half-wave rect i f ier  [see (4.2.18)]. 

The au tocor re l a t ion  func t ion  o f  t h e  response o f  t h e  nonl inear  device 
z ( t ) ,  considering t h e  above, can be w r i t t e n  i n  t h e  form 

(4.2.20) 

where W(y y1 2T) i s  t h e  two-dimensional p robab i l i t y  dens i ty  of random 

q u a n t i t i e s  yly2: y , ( t )  = y ( t ) ;  y 2 ( t )  = y ( t  - T ) .  

If t h e  ac t ion  on t h e  nonl inear  element y ( t )  has a narrow band width, 
which is  of i n t e r e s t  i n  t h e  s i t u a t i o n s  at  hand, and i f  

where A w e , @  are t h e  effect ive width and c e n t r a l  frequency of  spectrum F
Y 

(w),
C 
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w e  can assume t h e  energy spectrum of process z ( t )  t o  f a l l  c l e a r l y  i n t o  bands: 
a low-frequency band, adjacent  t o  w = 0, p l u s  high-frequency bands, 
concentrated i n  t h e  areas of f requencies  nu - n > 1. The c o r r e l a t i o n  func-

C'  
t i o n  (4.2.20) f o r  each o f  t h e s e  bands with normal d i s t r i b u t i o n  o f  y ( t )  with a 

two-dimensional c h a r a c t e r i s t i c  funct ion 


i s  determined by we l l  known methods. Considering i n t e g r a t i n g  f i l t e r  I (see 

Figure 54) t o  be  such t h a t  t h e  high-frequency components of  t h e  response z ( t )  

have p r a c t i c a l l y  no in f luence  on it ( t h e  f i l t e r  s epa ra t e s  a frequency band 

adjacent  t o  w = 0 ) ,  we can r ep resen t  t h e  expression f o r  au tocor re l a t ion  

funct ion B 

zO 
( T )  f o r  t h e  low-frequency po r t ion  of t h e  spectrum FZ(w)  i n  t h e  /119 


following form1 (Middleton, 1947) 

(4.2.21) 

By0 (.I
where R ( T )  = i s  t h e  c o r r e l a t i o n  c o e f f i c i e n t  corresponding t o  t h e  

YO o t  
spectrum F

Y 
(w)  s h i i t e d  t o  t h e  low-frequency a r e a  (4.2.2)] ;  o2 i s  t h e  d i spe r -

Y 
s i o n  o f  process y ( t ) ;  

1'(,,) . \ C  (1' 'clt is  t h e  y funct ion;  (4.2.22) 
n 

~ -.. -- .- = . . . . ._I_._ __ . . ~ ~ . .i_ _ ~
WitK a broad band e f fec t ,  t h e  response spectrum of  t h e  non l inea r  

not divided i n t o  ind iv idua l  bands. The au tocor re l a t ion  func t ion  B (T) i n  zt h i s  case is  determined by expression 
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(4.2.23) 

i s  t h e  hypergeometric funct ion;  

b =  2 
1 --	 s i n g l e  half-wave v-th power non l inea r  element; 

dual half-wave v- th  power non l inea r  element. 

Useful information on t h e  hypergeometric and y funct ions can b e  found i n  
t h e  books of Ye. Yanke and F. Emde (1949) and I .  M. Ryzhik and I .  S. Grad
shteyn (1951). 

Assuming i n  equat ion (4.2.21) T + m and keeping i n  mind r e l a t i o n s h i p s  
(4.2.12) and (4.2.16), as well as t h e  equat ion 2 F 1 ( ~ ,  6, y ,  0) = 1, w e  

produce an expression f o r  t h e  mean value of t h e  output  s i g n a l  u(T) (see 
Figure 54) as a func t ion  of t h e  parameters o f  process  y ( t ) ,  non l inea r  element 
N I D ,  i n t e g r a t o r  I and a n a l y s i s  time T: 

(4.2.24) 

-
Thus, t h e  mean value f o r  t h e  set  o f  t h e  response of  i n t e g r a t o r  u(T) i s  

p ropor t iona l  t o  t h e  v-th power of t h e  mean square va lue  of a c t i o n  y ( t )  on t h e  
input of n o n i n e r t i a l  d e t e c t o r  N I D ,  t h e  c o e f f i c i e n t  o f  p r o p o r t i o n a l i t y  being 
known f o r  moments i n  t ime T, i n  which observat ions are performed. 

The spectrum o f  t h e  low-frequency component a t  t h e  output of t h e  
non l inea r  device z 0 ( t )  can be  found on t h e  b a s i s  of t h e  Hinchen-Wiener 
theorem ( p a i r  of  Fourier  transforms) : 

(4.2.25) 

i n  t h e  case of l i n e a r  o r  quadra t i c  n o n i n e r t i a l  d e t e c t o r s ,  f o r  example 

1 1 2  




-- 

-- 

(Levin, 1966) has t h e  form of  a r i g h t  t r i a n g l e 1  with base Awe (Owe being t h e  

energy band of t h e  input  p r o c e s s i y ( t )  with rec tangular  spectrum). 

With increas ing  v,  t h e  spectrum o f  low-frequency f luc tua t ions  zo ( t )  

expands. Let u s  determine now t h e  d i spe r se  s i g n a l  a t  t h e  output of t h e  
i n t e g r a t i n g  f i l t e r  a;(T) [see (4.2.13)].  On t h e  b a s i s  of t h e  above, w e  
rewrite (4.2.14) i n  t h e  form 

m 

--'"3 (4.2 .26) 

Cons.-dr ing relations,.-ps (4.2.12),  (4.2.13),  (4.2.15), ( s  ,2 .16) ,  (* -2.261 
and t h e  equa l i ty  

w e  f ind  

(4.2.27) 

where 
(4.2.27 ' )  

. - . - _ _  - -

This s p e c t r a l  d i s t r i b u t i o n  i s  p r e c i s e l y  f u l f i l l e d  i n  t h e  case of a 
quadra t i c  de t ec to r  and i s  f u l f i l l e d  with good approximation f o r  a l i n e a r  
de t ec to r .  
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cr2 i s  t h e  d ispers ion  of  low-frequency f l u c t u a t i o n s  a t  t h e  output of t h e  
zOb 

nonl inear  element. 

Subs t i t u t ing  t h e  values of BZ (r), and BZ from equation (4.2.21) 
0 0 

i n t o  formula (4.2.27), w e  produce an expression f o r  t h e  d ispers ion  of  t h e  
output process  u(T) as a func t ion  of t h e  parameters of t h e  input  ac t ion  y ( t ) ,  / 1 2 1  
t h e  non ine r t i a l  de t ec to r  N I D ,  i n t e g r a t o r  I and observat ion time T: 

(4.2.28) 

We note  t h a t  t h e  d ispers ion  of lowrfrequency f l u c t u a t i o n s  o2 a t  the  output 
zOb 

of t h e  nonl inear  device i s  determined on the  b a s i s  o f  (4.2.21) and the  
equation 

where t h e  following r e l a t ionsh ips  are considered: 

If  w e  consider  t h e  band width of t h e  i n t e g r a t i n g  f i l t e r  small i n  
comparison with t h e  band width o f  process z o ( t )  a t  t h e  input (ph(., T) 

changes slowly i n  comparison with BZ (r),), we can expand P ~ ( T ,T) i n t o  a 
0 

MacLauren s e r i e s :  

1 1 4  



and l i m i t  ourselves  t o  t h e  f irst  term. We then produce 

In tu rn ,  ph (0, T) charac te r izes  t h e  a rea  of  t h e  energy spectrum of t h e  output 

s i g n a l  s ( t )  of  t h e  i n t e g r a t o r  (p h (T, T) i s  t h e  au tocorre la t ion  funct ion of  

s igna l  < ( t ) )  when noise  < ( t )  with even s p e c t r a l  dens i ty  equal t o  2 i s  fed t o  
i t s  input  (Davenport, Johnson, Middleton, 1952), and the  i n t e g r a l  

def ines  t h e  s p e c t r a l  dens i ty  of  t h e  power of low-frequency f luc tua t ions  of 
the  response of  nonl inear  element z 0 ( t )  , t o  t h e  zero frequency (see (4.2.25)).  

Considering (4.2.28) ,  w e  can represent  (4.2.30) i n  t h e  form 

(4.2.31) 

In order  t o  perform concrete  ca l cu la t ions  using formulas (4.2.24),  
(4.2.28) and (4.2.31) ,  l e t  us analyze i n  g r e a t e r  d e t a i l  t h e  operat ion o f  t h e  
in t eg ra t ing  f i l t e r  (see Figure 54),  i n  t h e  overwhelming majori ty  o f  cases  
made i n  t h e  form of  a commutating RC-circuit (Kozhevnikov, Mescherskiy, 
1963). 

L e t  us  determine under which condi t ions equation (4.2.1) i s  v a l i d ,  what 
e r r o r s  ar ise  during i n t e g r a t i o n  and how t h e  frequency c h a r a c t e r i s t i c  of t h e  
i n t e g r a t o r  depends on the  observat ion t i m e  T .  

/ 1 2 2  

115 

Condenser C1 (Figure 56) i s  

charged over  t i m e  T through charging r e s i s t o r  R3, while t he  charge 



accumulated ea r l i e r  by condenser C2 i s  

discharged through switch P1. A f t e r  time 
i n t e r v a l  T has  passed, discharged condenser 
C 2  is  connected through switch Pa f o r  

charging, and condenser C1, charged t o  a 

c e r t a i n  level u(T) i s  switched t o  t h e  
te rmina ls  of P1, e tc .  The charging resist

ance used i s  f r equen t ly  a pentode opera t ing  
i n  t h e  anode cur ren t  cu to f f  mode and, i n  
many cases, ac t ing  a l s o  as a one-sided 
l imiter .  However, t h e s e  notes  do not  
in f luence  the  essence of t h e  problem under 
d iscuss ion .  

The pulse  t r a n s i e n t  c h a r a c t e r i s t i c  of an RC-circuit can be  w r i t t e n  i n  
t h e  form 

where 

o r ,  considering t h e  f i n i t e  na ture  o f  ana lys i s  time T [see (4.2.7)] ,  

Analysis of (4.2.7) i nd ica t e s  t h a t  i n  order  f o r  mathematical i n t e g r a t i o n  t o  /123 
be  performed f o r  t h e  response of  t h e  nonl inear  device z ( t )  over  observat ion 
i n t e r v a l  T ,  it i s  necessary t h a t  

I L  (Z ,  Y) == C O l l S l  (4.2.33) 

In  t h e  i d e a l  case, h ( t ,  T) = 1. Condition (4.2.33) can be  f u l f i l l e d  
with varying degrees o f  accuracy i f  the  following inequa l i ty  i s  s a t i s f i e d :  

(4.2.34) 
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which g ives  u s ,  when t h e  exponents are expanded i n t o  series,  

and, as follows from (4.2.32), 

(4.2.35) 

(4.2.36) 

In  p r a c t i c e ,  r e l a t i o n s h i p  (4.2.35) i s  f requent ly  assumed f u l f i l l e d  when t h e  
following inequa l i ty  i s  s a t i s f i e d :  

(4.2.37) 

i . e .  with s u f f i c i e n t l y  small time of ana lys i s  T i n  comparison with t h e  time 
constant  of t h e  RC-circuit  T RC . . 

(4.2.38) 

Considering (4.2.35),  (4.2.36),  l e t  us  write (4.2.8) i n  t h e  form 

T 


(4.2.39) 

which corresponds,  with an  accuracy t o  constant  f a c t o r  a, with formula 
(4.2.1) :  

(4.2.40) 

This ana lys i s  shows t h a t  as condi t ions (4.2.35) and (4.2.36) a r e  
f u l f i l l e d ,  t h e  RC-circuit switched approaches a mathematical i n t e g r a t o r .  The 
e r r o r  i n  i n t e g r a t i o n  can be  e a s i l y  determined by applying constant  vo l t age  
z ( t )  = c = const  t o  t h e  input  o f  t h e  c i r c u i t .  

In  t h i s  case, i n  correspondence with expressions (4.2.8),  (4.2.32), t h e  
output vo l tage  u(T) is  def ined  by t h e  equat ion 
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(4.2.41) 


when inequa l i ty  (4.2.34) i s  f u l f i l l e d ,  considering condi t ions (4.2.7),  
(4.2.32) can be l imi t ed  t o  t h e  first t h r e e  terms o f  series (4.2.35):  

ecaT N f -~ 7 '+0.5 ( Z T ) ~ .  
(4.2.42) /124 

The e r r o r  AS i n  t h e  representa t ion  o f  even series (4.2.35) o f  n terms is  
always less than t h e  f irst  discarded term an+l: 

where S and S are t h e  general  and p a r t i c u l a r  sums of series (4.2.35).  In  n 
t h e  case a t  hand 

Subs t i t u t ing  t h e  r e l a t i o n s h i p  (4.2.42) i n t o  formula (4.2.41),  w e  produce 

(4.2.43) 

With mathematical i n t e g r a t i o n  o f  constant  vo l tage  c y  quan t i ty  u(T) should 
increase  l i n e a r l y ,  which i s  charac te r ized  by t h e  f irst  term of t h e  d i f f e rence  
i n  equation (4.2.43). Consequently, t h e  second term of t h i s  d i f f e rence  
charac te r izes  t h e  e r r o r  o f  i n t e g r a t i o n  using t h e  RC-circuit .  The r e l a t i v e  
value o f  i n t eg ra t ion  e r r o r  i s  determined by t h e  equat ion 

(4.2.44) 

For t h e  case UT FZ 0 . 1  [see (4.2.37)],  6 FZ 0.05. The output vo l tage  can be 
expressed using t h e  r e l a t ive  e r r o r  6 [ see  (4.2.43)]:  

71. ( T )  N x c 2 '  N 2 cS. (4.2.45) 
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Formulas (4.2.34), (4.2.44) and (4.2.45) r e f l e c t  t h e  con t r ad ic to ry  na ture  of 
t h e  demands on t h e  t i m e  constant  of t h e  i n t e g r a t i n g  c i r c u i t  T~~ a s  concerns 
accuracy and e f fec t iveness .  

Let us  now determine t h e  complex instantaneous t r a n s f e r  c h a r a c t e r i s t i c  
H ( j w ,  T) of t h e  RC f i l t e r .  

For small observat ion t imes,  keeping i n  mind (4.2.9), (4.2.34) and 
(4.2.36) , we produce 

(4.2.46) 

From t h i s  last equat ion,  consider ing (4.2.6), w e  can f i n d  t h e  instantaneous 
frequency c h a r a c t e r i s t i c  CM(w, T) of t h e  switchable  RC-circuit  (aT Q 1): 

(4.2.47) 

The instantaneous energy band AweM can be represented i n  t h e  form / 125 

o r  

A -. 	
0.5 
3' ' (4.2.48) 

i n  which we consider  
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The s ign  o f  approximate equa l i ty  i n  formulas (4.2.48) is included on t h e  
b a s i s  of  r e l a t i o n s h i p  (4.2.36). 

In t h e  general  case, t h e  expression f o r  t h e  instantaneous combined 
transfer c h a r a c t e r i s t i c  H ( j w ,  T) of t h e  RC-circuit i s  determined by t h e  
following equation [see (4.2.9) , (4.2.3211: 

(4.2.49) 

Where T + m y  expression (4.2.49) goes over  t o  a s t a b l e  t r a n s f e r  charac te r 
i s t i c  H ( j w ) :  

Consequently, using t h e  r e l a t i o n s h i p  

(4.2.50) 

w e  produce a formula f o r  t h e  s t a b l e  energy band nueRC: 

(4.2 31) 

The au tocor re l a t ion  funct ion of  ph(-r, T) i n  t h i s  case i s  determined on the  

b a s i s  of (4.2.25) under t h e  condi t ion t h a t  no i se  E( t )  with even 
s p e c t r a l  dens i ty  F5 (w) = 2 acts on t h e  input  of  t h e  i n t e g r a t o r :  

where t h e  s i g n a l  spectrum a t  t h e  output of  t h e  f i l t e r  Fh(u, T) i s  recorded i n  /126 
t h e  form [see (4.2.2) ,  (4.2.4911: 
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Subst it ut ing i n t o  formula (4.2.52) t h e  expression f o r  t h e  instantaneous 
frequency c h a r a c t e r i s t i c  (4.2.47) i n  t h e  s i t u a t i o n  of i n t e r e s t  t o  us  
C4.2.36), (4.2.39), we produce (Ryzhik, Gradshteyn, 1951) 

where T changes i n  t h e  area of p o s i t i v e  and negat ive va lues  and 

Function P ~ ( T ,T) can be found d i r e c t l y  from t h e  equation (4.2.15): 

Se t t i ng  up t h e  i n t e g r a t i o n  l i m i t s  i n  cons idera t ion  of (4 .2 .7) ,  w e  can 
represent  (4.2.15) i n  t h e  following manner: 

(4.2.54) 

and P ~ ( T ,T) = 0 where T > T;  T < -T. The a reas  of i n t e g r a t i o n  f o r  p o s i t i v e  

and negat ive  values of T are l imi t ed  by fou r  l i n e s  i n  t h e  plane V O T :  v = 0 ;  
v = T (change i n  argument h (v ) )  and v - T = 0; v - T = T (change i n  argument 
h (v + T ) ) .  Subs t i t u t ing  h(v)  = c1 i n t o  (4.2.54) [ see  (4.2.36)],  w e  produce 

which corresponds t o  (4.2.53) . 
We note  t h a t  t hese  d iscuss ions  are co r rec t  no t  only i n  t h e  case of a 

switchable  RC-circuit ,  as descr ibed  above, bu t  a l s o  when r e a l i z a t i o n s  o f  a 

1 2 1  



s i g n a l  of  length T each are fed  t o  a noncommutated RC-circuit ,  following each 
o t h e r  with an i n t e r v a l  no less than t h e  t i m e  requi red  f o r  t he  f i l t e r  t o  
recover from t h e  preceding ac t ion .  

Let us now d i scuss  t h e  approximate equat ion (4.2.30), which was produced /127 
on t h e  assumption of slow change i n  p h ( ~ ,T) i n  comparison with BZ (T) . 

0 
Since t h e  c o r r e l a t i o n  time of t h e  f l u c t u a t i o n s  z o ( t )  has  t h e  order  l / A f  e’ 
where Af i s  t h e  energy band o f  process  y ( t ) ,  w e  can f i x  t h e  condi t ions of e 
f u l f i l l m e n t  of  (4.2.30) f o r  h(T, T) X a [ see  (4.2.36),  (4.2.39), (4.2.28)] i n  
t h e  form AFeM A f e ,  consequently, expression (4.2.30) can be used when t h e  

following r e l a t i o n s h i p  i s  s a t i s f i e d  [see (4.2.48)] 

(4.2.55) 

In conclusion, l e t  us analyze t h e  case, f requent ly  encountered i n  
p rac t i ce ,  o f  a device designed t o  measure t h e  summary e l e c t r i c a l  a c t i v i t y  of 
t h e  b ra in  (see Figure 54) with l i n e a r  (quadrat ic)  n o n i n e r t i a l  d e t e c t o r  N I D  
and i n t e g r a t o r  I ,  made as a commutated RC-circuit ,  where aT Q 1. 

On t h e  b a s i s  o f  formulas (4.2.24), (4.2.28),  (4.2.36),  (4.2.53),  w e  
produce the  corresponding expressions.  

1. The l i n e a r  non’inertial de t ec to r .  v = 1: 

(4.2.56) 

(4.2.57) 
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2.  Quadratic n o n i n e r t i a l  de t ec to r .  v = 2: 

(4.2.58) 

(4.2.59) 

In  concluding equations (4.2.56) , (4.2.57) , (4.2.58) and (4.2.59) , w e  
used representa t ion  of t h e  hypergeometric funct ion ( l i n e a r  non ine r t i a l  
de t ec to r )  by t h e  f irst  two terms of i t s  expansion i n t o  a s e r i e s  (4.2.231, 
giving i n  t h i s  case a good approximation f b r  p r a c t i c a l  app l i ca t ion  (Levin, 
1966) 

and t h e  r e l a t i o n s h i p  /128 

We note  t h a t  t h e  mean va lue  of t h e  s igna l  u(T) a t  t h e  output of t h e  i n t e 
g r a t o r  a f t e r  t h e  quadra t ic  de t ec to r  (4.2.58) i s  propor t iona l  t o  t h e  energy of 
t h e  process y ( t )  (electroencephalogram rhythm) during t h e  ana lys i s  t i m e  T .  
If we assume f u r t h e r  t h a t  condi t ion (4.2.55) i s  f u l f i l l e d ,  then formulas 
(4.2.57), (4.2.59) can be w r i t t e n  as follows [see (4.2.31)]:  

(4.2.60) 

(4.2.61) 
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Let us  f i n d  f u r t h e r  t h e  r e l a t i v e  e r r o r  

of process  u(T) at t h e  output  of t h e  i n t e g r a t o r  ( f o r  quadra t i c  and l i n e a r  
n o n i n e r t i a l  d e t e c t o r s ) .  On t h e  b a s i s  of (4.2.56), (4.2.57), (4.2.58), 
(4.2.59) , w e  produce 

m I 

(4.2.62) 

(4.2.63) 

When (4.2.55) i s  s a t i s f i e d ,  expressions (4.2.62), (4.2.63) are s impl i f i ed  
[see (4.2.60), (4.2.61)] and take  on t h e  form 

I
-co 

1

6,,(T)czTrZ{S 0 n;,(z)as}z, Y -1; (4.2.64) 

(4.2.65) 

where t h e  i n t e g r a l  /129 

(4 . 2  .66) 

charac te r izes  t h e  c o r r e l a t i o n  t i m e  o f  t h e  low-frequency f l u c t u a t i o n s  z0 (t) at 

t h e  output o f  t h e  nonl inear  element, i . e .  on t h e  b a s i s  o f  equations (4.2.21),  
(4 .2 .27 ' ) ,  (4.2.29) the  c o r r e l a t i o n  c o e f f i c i e n t  RZ (T) i s  determined f o r  t h e  

0 
s i t u a t i o n s  analyzed by r e l a t i o n s h i p s  
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(4.2.67) 


Assuming f o r  es t imat ion o f  expressions (4.2.64) and (4.2.65) t h a t  t h e  
c o r r e l a t i o n  time o f  t h e  low-frequency f l u c t u a t i o n s  o f  t h e  magnitude are on 
t h e  o rde r  o f  ( A f  

Y 
)-', where A f

Y 
i s  t h e  energy band o f  y ( t ) ,  w e  produce 

(4.2.68) 

(4.2.69) 

The experimental d a t a  show (see 54.1) t h a t  t h e  energy band of t h e  
a rhythm ( y ( t ) )  decreases with a decr,ease i n  t h e  degree o f  emotional stress 
of  t h e  t e s t  sub jec t  and i n  t h e  s t a t e  o f  r e s t  (eyes open) i s  approximately 
equal t o  1 Hz (mean e s t ima te  f o r  a l l  t e s t  sub jec t s  p a r t i c i p a t i n g  i n  exper
iments). Here, t h e  e r r o r  aU(T) reaches i t s  maximum (T f i x e d ) :  

(4.2.70) 

(4.2.71) 

On t h e  o t h e r  hand, t h e  r e s u l t s  o f  c a l c u l a t i o n s  of  aU(T) f o r  t h e  s t a t e  of rest  

o f  t h e  ope ra to r ,  performed during processing of r e a l i z a t i o n s  of t h e  output  
process of t h e  i n t e g r a t o r  (100 experiments, involving 25 persons) d i d  not  
exceed t h e  quan t i ty  d

UM 
(T) [see (4.2.70)] i n  95 of 100 cases .  The volume of 

each r e a l i z a t i o n  averaged 50 independent readings,  t h e  i n t e g r a t i o n  t i m e  
T = 10 sec.  

The above allowed u s  t o  use  t h e  expressions presented (4.2.68),  (4.2.69) 
as est imates  of t h e  upper l i m i t  o f  r e l a t i v e  e r r o r  6

U 
(T) ,  which could be  

produced i n  s i t u a t i o n s  o f .  res t  s t a t e  of t h e  t e s t  sub jec t  (eyes open). 

L e t  u s  now determine t h e  n a t u r e  o f  t h e  r e l a t i v e  e r r o r  A
U 

( T ) ,  t h e  

c a l c u l a t i o n  o f  6 (T) performed using approximate formulas (4.2.64), (4.2.65).
U 

Considering t h a t  i n  t h e  case o f  l i n e a r  and q u a d r a t i c  n o n i n e r t i a l  d e t e c t o r s  

Au(T) w i l l  be i d e n t i c a l ,  we produced (for example, v = 1) /130 
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" -_. . 

(4.2.72) 


As was noted above, a s  t h e  degree of  emotional s t r e s s  decreases ,  t he  
spectrum o f  t h e  ci rhythm becomes concentrated i n t o  a r e l a t i v e l y  narrow band 
o f  f requencies ,  beyond t h e  l i m i t s  of which t h e  s p e c t r a l  dens i ty  f a l l s  o f f  
r ap id ly  and becomes p r a c t i c a l l y  i n s i g n i f i c a n t  (Viner, 1963) f o r  t h e  r e s t  
s t a t e  o f  t he  sub jec t  (eyes c losed) .  Therefore,  i n  o rde r  t o  es t imate  t h e  
behavior o f  quan t i ty  A (T), we can use an approximation of  t h e  s p e c t r a l  peak

U 

o f  t h e  a rhythm by a II-shaped curve with t h e  same energy band a s  f o r  t h e  
i n i t i a l  spectrum. We note  t h a t  with f i x e d  u2 and T,  t h e  d i spe r s ion  a t  t h e

Y 
output of t h e  i n t e g r a t o r  i nc reases  with inc reas ing  r e c t a n g u l a r i t y  of t h e  
spectrum, leading t o  an increase  i n  t h e  r e l a t i v e  e r r o r  6U(T). Keeping i n  

mind the  expression f o r  t h e  c o r r e l a t i o n  c o e f f i c i e n t  R 


rec tangular  spectrum with energy band Aw
Y 

[determined from (4.2.25)]:  


(T) i n  t h e  case of a 
YO 

(4.2.73) 


and performing i n t e g r a t i o n ,  we can w r i t e  t h e  f i n a l  answer i n  t h e  form [see  
(A. 1.5)  ] 

A,, ( T )  = 

The graph of t h e  change i n  r e l a t i v e  e r r o r  AU(T) as a func t ion  of quan t i ty  /131-
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Aw
Y

T i s  presented on F i g u r e  57. The i n t e g r a l  i n  t h e  denominator of 
expression (4,.2.72) i s  p ropor t iona l  t o  t h e  d i spe r s ion  of process  u(T) [see 
p r e c i s e  equations (4.2.57), (4.2.59)] and i t s  va lue  i s  presented s e p a r a t e l y  
i n  Appendix 1 (A.l.6). 

Level  per U n i t  T i m e  

The r e s u l t s  of  processing o f  experimental
42 material presented above (see S4.1) give u s  
41L-reason t o  b e l i e v e  t h a t  spectrum F 

Y 
(w) of  process  

-. --_1 I !  I . 1 . 1 _ . L  

Figure 57 L e t  us analyze t h e  dependence between t h e  
s p e c t r a l  dens i ty  Fv(w) and t h e  mean number o f  

J 

i n t e r s e c t i o n s  n(0) of  process  y ( t )  ac ross  t h e  zero l i n e  p e r  u n i t  time. For 
an a r b i t r a r y  s p e c t r a l  form, we have (Tikhonov, 1966) 

(4.3.75) 

where a2 and a2 are t h e  d i spe r s ion  o f  y ( t )  and i t s  d e r i v a t i v e  y ’ ( t )
Y Y ’  

( y ( t )  = 0 ) .  In t h e  case of narrow band processes ( A w  
Y 

Q wc), t h e  spectrum o f  

which i s  concentrated about a c e r t a i n  frequency wC Y  by performing replacement 

of  v a r i a b l e s  w = w 
C 

- v i n  equation (4.3.75) ,  we produce 

where t h e  upper l i m i t s  of i n t e g r a t i o n  are extended t o  i n f i n i t y .  Since t h e  
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energy spectrum F
Y 

(w) i s  concentrated i n  a narrow band o f  f requencies  about 

w = w 
C' 

spectrum F(wc - v) i s  loca ted  i n  t h e  low-frequency area. I f ,  
furthermore,  F

Y 
(w) i s  symmetrical r e l a t i v e  t o  c e n t r a l  frequency wc, expres-, 

s ion  (4.3.76) t akes  on t h e  form 

(4.3.77) 

and t h e  i n t e g r a l  

Consequently, t h e  q u a n t i t y  n(0) i s  determined by t h e  r a t i o  o f  d i spe r s ions  of  
process  y ( t )  and i t s  d e r i v a t i v e  and depends both on t h e  form o f  t h e  spectrum 
and on i t s  l o c a t i o n  i n  t h e  frequency area [see (4.3.75),  (4.3.76), (4.3.77)]. 
I t  can be  shown, f o r  example (Tikhonov, 1966) t h a t  f o r  a f i x e d  s p e c t r a l  
c h a r a c t e r i s t i c  F

Y 
(w) of  t h e  normally d i s t r i b u t e d  s t a b l e  random process  y ( t ) ,  

t h e  mean number o f  i n t e r s e c t i o n s  o f  t h e  zero l i n e  p e r  u n i t  time n(0)  
i nc reases  with inc reas ing  mean frequency o f  t h e  spectrum w

C 
and i t s  energy 

band Aw
Y 
. If t h e  parameters w and Aw

Y 
do not change, t h e  value n(0) w i l l  

C 
b e  h ighe r ,  t h e  l e s s  t h e  r e c t a n g u l a r i t y  o f  t h e  spectrum, as a r e s u l t  o f  which 
t h e  inf luence of high-frequency components i nc reases .  We no te  t h a t  t h e  mean 
number o f  i n t e r s e c t i o n s  of  t h e  zero l i n e  N ( 0 )  i n  a n a l y s i s  time T can be  
determined from t h e  formula 

(4.3.78) 

Thus, i n  o u r  case,  t h e  problem of e s t ima t ion  of  n(0) o r  N(0) i s  reduced t o  
t h e  problem of es t imat ion of  t h e  d i spe r s ion  over a f i n i t e  observat ion 
i n t e r v a l  T. The r e l a t i v e  e r r o r  i n  measurement o f  t he  process a t  t h e  output 
of t h e  i n t e g r a t o r  i n  t h e  general  ca se  i s  r ep resen ted  by t h e  expression [see 
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(4.2.12), (4.2. E ) ,  (4.2.26)] : 


For known c h a r a c t e r i s t i c s  of  input  a c t i o n  z ( t ) ,  w e  can f i n d  an optimal form 
h (x ,  T) f o r  which 6 (T) w i l l  b e  minimal. I n  t h e  case when t h e  autocorrela-

U 
t i o n  function R (x) is  no t  p r e c i s e l y  known, t h e  optimal smoothing f i l t e r  i s  a /133 
f i l t e r ,  t h e  imp6lse r e a c t i o n  of  which i s  equal t o  a f i n i t e ,  constant  q u a n t i t y  
over t h e  i n t e g r a t i o n  i n t e r v a l  (Davenport, Johnson, Middleton, 1952; Fel’dman, 
1962). These condi t ions are s a t i s f i e d ,  f o r  example, by an i n t e g r a t i n g  f i l t e r  
with an impulse c h a r a c t e r i s t i c  of t h e  following form ( i d e a l  i n t e g r a t o r )  

(4.3.79) 

and by t h e  commutating RC-circuit  analyzed i n  §4.2 (approximately, t o  t h e  
ex ten t  t o  which i n e q u a l i t y  aT < 1 i s  f u l f i l l e d ) .  A block diagram of t h e  
device f o r  measuring t h e  d i spe r s ion  of process y ( t )  and i t s  d e r i v a t i v e  
y,( t )  = y’ ( t ) ,  keeping i n  mind t h a t  which w e  have s t a t e d  above and t h e  fac t  

t h a t  t h e  mathematical expectat ion o f  t h e  response o f  t h e  quadra t i c  d e t e c t o r  
i s  p ropor t iona l  t o  t h e  d i s p e r s i o n  of t h e  input a c t i o n ,  i s  shown on Figure 58 
(see 54.2). Signal  y ( t )  and i t s  d e r i v a t i v e  a t  t h e  output  of t h e  d i f f e r 
e n t i a t i n g  c i r c u i t  DC pass through t h e  quadra t i c  n o n i n e r t i a l  devices N I D  and 
a r r i v e  a t  i n t e g r a t i n g  f i l t e r s  I .  In t h e  general  case,  t h e  au tocor re l a t ion  
funct ion RZ(.) of t h e  response z ( t )  of nonl inear  element N I D  i s  unknown; 

t h e r e f o r e ,  t h e  p u l s e  c h a r a c t e r i s t i c  o f  t h e  i n t e g r a t o r  i s  determined by 
expression (4.3.79). If w e  f u r t h e r  subdivide one output of smoothing f i l t e r  
ul(T) by t h a t  of t h e  o the r  u (T) ,  w e  produce an estimate of t h e  quan t i ty  n (0 ) .  

Further  d i scuss ions  are performed where poss ib l e  i n  general  form, 
although where it i s  r equ i r ed  t o  make t h e  problem more concrete ,  references 
are made t o  t h e  c h a r a c t e r i s t i c s  o f  t h e  a rhythm. 

Input a c t i o n  y ( t ) ,  a r e s u l t  o f  t h e  passage o f  t h e  EEG through t h e  
corresponding f i l t e r  o f  t h e  s p e c t r a l  analyzer  with i t s  r ec t angu la r  frequency 
c h a r a c t e r i s t i c  ( s ee  Figure 47) w i l l  be assumed as be fo re  ( see  54.2) t o  b e  a 
narrow band normal random process  (a rhythm). We no te  t h a t  t h e  d e r i v a t i v e  o f  
process y ( t )  is  a l s o  d i s t r i b u t e d  normally. 

The a rhythm spectrum i n  ope ra to r  s t a t e s  no t  s t rong ly  d i f f e r i n g  from t h e  
state o f  rest i s  concentrated i n  a narrow band o f  f requencies  and r a p i d l y  
f a l l s  o f f  beyond t h e  l i m i t s  o f  t h i s  band which r e s u l t s  on t h e  one hand from 
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F i g u r e  58 

t h e  n a t u r e  of  changes i n  t h e  spectrum 
/

i t se l f  (Viner, 1963, 1961; see §4.1),  and 
on t h e  o t h e r  hand by t h e  frequency proper
t i e s  o f  t h e  s e l e c t i v e  II-shaped system. /134-
When t h e  degree o f  emotional stress o f  t h e  
t e s t  s u b j e c t  i nc reases ,  t h e  c1 rhythm 
spectrum i s  "spread" (see §4.1) and a t  t h e  
l i m i t  (high emotional stress, s p e c t r a l  
peak disappears  o r  i s  only s l i g h t l y  
expressed) i t s  fornl i s  approximately 
determined by t h e  frequency c h a r a c t e r i s t i c  

o f  t h e  s p e c t r a l  analyzer  f i l t e r  (see Figure 5 5 ) ,  which sepa ra t e s  t h e  required 
band of frequencies from t h e  EEG. 

In o rde r  t o  trace c e r t a i n  i n t e r e s t i n g  r e g u l a r i t i e s ,  l e t  us approximate 
t h e  spectrum o f t h e  c1 rhythm on t h e  b a s i s  of  t h e  above by a JI-shaped curve. 
The energy bands o f  t h e  i d e a l i z e d  and a c t u a l  s p e c t r a  w i l l  b e  assumed equal t o  
A w

Y 
. In  t h i s  case, on t h e  b a s i s  o f  (4.2.25),  (4.2.73),  (4.3.77) and 

r e l a t ionsh iD  

w e  produce (see Figure 58) 

L e t  us r ep resen t  equation (4.3.81) i n  t h e  form of t h e  product o f  two r a p i d l y  
and slowly changing terms [ see  (4.2.2)].  We no te  t h a t  t h i s  r ep resen ta t ion  of 
t h e  a u t o c o r r e l a t i o n  funct ion i n  t h e  case  of  a spectrum with r ec t angu la r  
envelope is  c o r r e c t  with any w and Aw

Y 
. Consequently,

C 

where ci2 i s  the  d i s p e r s i o n  o f  process y , ( t ) ;
Y1 

(4.3.82')  
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(4.3.82") 


The mutual c o r r e l a t i o n  func t ion  B (T) of  processes  y , ( t )  and y ( t )  i s  /135 
Y1Y 

(4.3.83) 

where 

(4.3.83") 

With a narrow band a c t i o n  (see §4 .2) ,  t h e  high-frequency components of  t h e  
response z ( t )  o f  t h e  n o n i n e r t i a l  nonl inear  element have p r a c t i c a l l y  no 
inf luence  on t h e  i n t e g r a t i n g  f i l t e r ,  s o  t h a t  i n  t h e  following we can analyze 
only t h e  au tocorre la t ion  func t ions  B z ( T )  and B Z  ( T )  o f  t h e  low-frequency 

0 10 
components a t  t he  outputs  o f  t h e  Quadra t i c  de t ec to r s  N I D .  Assuming i n  our 

v 

case a = 1, b = 2, v = 2 [see (4 . i .21) ,  (4 .2 .27 ' ) ] ,  w e  produce 

BZo(7)== (t); (4.3.84) 

13z,0(a) == S ~ , ~ ~ ~ ~ j o  (4.3.85)(TI .  

The mutual co r re l a t ion  func t ion  of processes  z 1( t )  and z ( t )  i s  determined by 

consider ing t h e  normal d i s t r i b u t i o n  o f  y ( t )  and i t s  d e r i v a t i v e  as fol lows:  
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- a - 2where z1 ( t )  = o!/,,z (f)= % r  [ see  (4.2.21) where T -t m]. On t h e  b a s i s  of  
(4.3.83), (4.3.86), t h e  mutual c o r r e l a t i o n  func t ion  of t h e  low-frequency 
components z,(t) and z 10 ( t )  i s  expressed by t h e  equat ion 

(4.3.87) 

-
The mathematical expec ta t ions  of  output s i g n a l s  o f  t h e  i n t e g r a t o r s  u(T) and 
u 1(T) over  ana lys i s  t ime T a r e  equal t o  u2 and u2  r e spec t ive ly  [ see  

Y Y 1  
(4.2.24), (4.3.79)]. The d i spe r s ion  o f  t h e  d e r i v a t i v e  o f  t h e  input  ac t ion  
y l ( t )  can be  found from expression (4.3.82) where T = 0; however, i n  t h i s  

case  it i s  s impler  t o  u s e  t h e  s p e c t r a l  r ep resen ta t ions  f o r  (4.2.25), /136 
(4.3.75): 

(4.3.88) 

where 2S0 i s  t h e  s p e c t r a l  d e n s i t y  of y ( t ) ,  cons tan t  w i th in  t h e  band Aw
Y 
: 

(4.3.89) 

The c a l c u l a t i o n s  of  d i spe r s ions  of processes  u(T) and u 1(T) us ing  p r e c i s e  
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formula (4.2.28) y i e ld  r a t h e r  cumbersome expressions l .  In t h e  following w e  
w i l l  use  approximate equation (4.2.31), which is  correct i n  s i t u a t i o n s  of  
i n t e r e s t  t o  us A f  T 9 1. On t h e  b a s i s  of (4.2.53), (4.2.54), (4.3.79),
(4.3.82') ,  Y 

(4.3.90) 

the re fo re  (a = 1, b = 2,  v = 2) 

(4.3.91) 

(4.3.92) 

Calculat ions using formulas (4.3.91),  (4.3.92) a r e  performed i n  Appendix 1 
(A. 1.2) and Appendix 2 (A. 2 .5) ,  (A. 2.11) : 

(4.3.93) 

(4.3.94) 

/137The .ana lys i s  of  expressions (4.3.93),  (4.3.94) shows t h a t  t h e  d ispers ions  
02(T) and 0; (T) depend on t h e  q u a n t i t i e s  Aw T and approach zero with 

U 1 Y 
unl imited increase  i n  t h e  l a t t e r .  

L e t  us represent  t h e  mixed second moment B (T) of s i g n a l s  u(T) and uu 1 
ul(T) a t  t h e  outputs  o f  t h e  i n t e g r a t i n g  f i l t e r s  i n  t h e  form 

. . .  

Determination o f  t h e  d ispers ions  o f  processes  u(T) 'and ul(T)  using p r e c i s e  
formula (4.2.28) i n  t h e  case here  being analyzed can be performed on t h e  
b a s i s  of t h e  expressions presented i n  Appendices 1 and 2 [(A.1.5) and 
(A.2.20)], where t h e  corresponding i n t e g r a l s  a r e  ca l cu la t ed ,  allowing us  t o  
estimate t h e  e r r o r s  a r i s i n g  when approximate equation (4.2.31) is  used. 
Formulas (A.1.5) and (A.2.20) are co r rec t  f o r  narrow band and broad band 
processes.  
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_ .  -- - . .
l I l i t , , (T )== I L ( 1 ' ) I I I  (T)- u . ( 2 ' )Ill ( I : ) .  

Keeping i n  mind (4.2.8),  (4.2.12), (4.2.15) and (4.2.30), we can write 

(4.3.95) 

i n  which w e  have performed replacement o f  v a r i a b l e s  u - v = T .  

Considering f u r t h e r  t h e  narrow band width of  input  ac t ion  y ( t )  and 
equations (4.2.55),  (4.2.30),  (4.3.87),  (4.3.90),  (4 .3 .83 ' ) ,  w e  produce 

(4.3.96) 

Performing i n t e g r a t i o n ,  we f i n d  t h e  f i n a l  r e s u l t  [see (A.2.13)] : 

(4.3.97) 

In  t h e  following, assuming i n  our case Ow
Y 
4 wc, we w i l l  approximately 

consider s igna l  u(T) [o r  ul(T)] random 

d i s t r i b u t e d  normally, with parameters u(T),  ot(T)  (or  u1 (T), o t  (T))
1 

where A f
Y

T 1 (Slepian, 1958). 
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- -  

The d i s t r i b u t i o n  funct ion w2(y1, . . . , y  ) of a c e r t a i n  se t  of  transformed n 
random q u a n t i t i e s  u l , .  .. ,un can be gene ra l ly  found from t h e  known j o i n t  

p r o b a b i l i t y  dens i ty  w 
1

(x 
1’ 

...,x n ) of t h e  i n i t i a l  random q u a n t i t i e s  v l , . . . , v  n and 
Jacobian o f  t h e  t ransform upon t r a n s i t i o n  from v a r i a b l e s  x l , . . . , x  t o  v a r i a b l e sn 
yl , . . . ,yn.  In  many cases ,  with a l a r g e  numberof v a r i a b l e s  o r  with r a t h e r  /138 
complex funct ional  dependences between i n i t i a l  and transformed random 
q u a n t i t i e s ,  t h e  usage of  t h e  d i r e c t  method r ep resen t s  considerable  computa
t i o n a l  d i f f i c u l t i e s .  Therefore,  w e  w i l l  use  an approximate method f o r  
evaluat ion of t h e  d i s t r i b u t i o n  and i t s  parameters as app l i cab le  t o  t h e  
q u a n t i t y  nT(0),  which is  random over observation t i m e  T and i s  a funct ion of  

t h e  random argument u 1(T) and u (T) : 

(4.3.98) 

Suppose w e  have t h e  func t ion  v = +(ul,,.,,un ) of  random q u a n t i t i e s  u l ,  ...,un. In 

t h i s  case,  when t h e  masses of  t h e  d i s t r i b u t i o n  p r o b a b i l i t i e s  ( u l , . . . , u  n) a r e  -
concentrated mainly i n  a small area around p o i n t  A (E, ,c2,... ,un) t h e  

common cen te r ,  we can r ep lace  funct ion +(u 1’ . . , , u n )  with t h e  l i n e a r  terms o f  

i t s  expansion i n t o  a Taylor s e r i e s  about p o i n t  A with a c e r t a i n  degree of 
approximation (Smirnov, Dunin-Barkovskiy, 1965): 

(4.3.99) 

In  t h e  p a r t i a l  d e r i v a t i v e  a$/au i’ argument (u1,u2, ...,u n ) i s  replaced by 
-

(u1,u2, ...,un ) r e s p e c t i v e l y :  

Thus, i f  t h e  d i s t r i b u t i o n  d e n s i t y  of arguments u l , . . . , u  n i s  normal, w e  can 

assume approximately t h a t  t h e  d i s t r i b u t i o n  dens i ty  o f  t h e  p r o b a b i l i t i e s  o f  
funct ion +(ul ,u2, . . . ,un) ,  a l i n e a r  combination o f  t h e  normally d i s t r i b u t e d  

random q u a n t i t i e s  (4.3.99),  i s  a l s o  normal. The parameters of  t h i s  
d i s t r i b u t i o n  are determined on t h e  b a s i s  o f  t h e  theorems on t h e  mean value 
and d i spe r s ion  of  a l i n e a r  func t ion  o f  random q u a n t i t i e s :  
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(4.3.100) 

(4.3.101) 

----p--_
-
where (ui- 'ti.) (uj  - iij)= uiuj - z s , z c j  = Rij is  t h e  mixed second order  moment 
o f  quail t i t ' ies Uj,,Ui, where Bi j  -- B j i  [see (4.3.86), (4.3.95)]. For an 

estimate of t h e  parameters produced, w e  can use t h e  first t h r e e  terms of 
expansion $(u,,u2,. ..,un) i n t o  a Taylor s e r i e s  about po in t  A: 

L e t  u s  introduce- f o r  s i m p l i f i c a t i o n  o f  our i n s c r i p t i o n  t h e  centered quant i - /139
t ies  U

j 
= u

j 
- u

j '  
where ( f o r  normally d i s t r i b u t e d  arguments ul . . .un)  

(4.3.102) 

where 

Correspondingly, t h e  r e l a t i v e  e r r o r s  i n  determination o f  mathematical 
expectat ion S ( v )  and d i spe r s ion  B(a$) due t o  l i n e a r i z a t i o n  of  t h e  funct ion 

$(u,. . .u ) can be est imated using the  formulas n 
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(4.3.104) 

We w i l l  assume f u r t h e r  t h a t  i n  our  case A f  
Y

T > 1 (d ispers ions  (4.3.93),  

(4.3.94) are r a t h e r  sma l l ) ,  we can use  t h e  expansion o f  funct ion (4.3.98) 
i n t o  a Taylor  series about po in t  A [u(T),u 1( T ) ] ,  and l i m i t  ourselves  t o  

l i n e a r  terms. The e r r o r s  i n  ca l cu la t ions  of  v and o2 thus  produced 'can be 
V 

evaluated on t h e  b a s i s  o f  e q u a l i t i e s  (4.3.104),  (4.3.105). The mathematical 
expec ta t ion  o f  t h e  q u a n t i t i e s  nT(0) i s  determined from (4.3.98) on t h e  b a s i s  

o f  (4.3.88),  (4.3.89),  (4.3.100) consider ing inequa l i ty  Aw Q w : 
Y C 

(4.3.106) 

The d ispers ion  nT(0) i n  t h i s  case i s  represented i n  t h e  form [see  (4.3.101),  /140 

(4.3.97)]: 

L e t  u s  f i n d  t h e  coef f ic5ents  of  expression (4.3.107), determined by t h e  
p a r t i a l  de r iva t ives  o f  func t ion  nT(0) o f  random q u a n t i t i e s  u,ul [see 

(4.3.98),  (4.3.99)] : 
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Consequently [see (4.3.107)] , 

(4.3.108) 

If w e  ignore t h e  term Aw2/180u2 f o r  narrow band processes ,  formula (4.3.108)
Y 

can be represented. i n  t h e  form 

Thus, i n  t h e  case at  hand, expansion o f  func t ion  nT(0) o f  random q u a n t i t i e s  /141  
u(T) and ul(T) i n t o  a Taylor series,  t h e  mathematical expectat ion nT(0) 

corresponds with expression (4.3:75) f o r  t he  mean number of  i n t e r s e c t i o n s  o f  
t h e  zero l eve l  pe r  u n i t  time (unbiased est imate;  see Chapter 4, Introduc
t i o n ) ,  while d i spers ion  o2 (4.3.109) decreases i n  proport ion t o  observat ion n 
time T (cons is ten t  es t imate ;  see Chapter 5, In t roduct ion) .  The d i s t r i b u t i o n  
of nT(0) i s  assumed approximately normal on t h e  b a s i s  of t h e  above. 

The e r r o r s  i n  ca l cu la t ion  o f  mathematical expectat ion (4.3.104) and 
d ispers ion  (4.3.105) are ca l cu la t ed  i n  Appendix 3 [ see  (A.3.4) and (A.3.7)], 
and are determined by t h e  expressions (est imate  o f  accuracy of l i n e a r i z a t i o n  
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method) 
... __

6 [ U T  ( O ) ]  = 
(4.3.110) 

( 4 . 3 : l l l )  

In t h e  general  case, t h e  d i spe r s ion  o f  t h e  mean number of i n t e r s e c t i o n s  o f  
t he  zero level p e r  u n i t  t i m e  w i l l  depend not only on the  energy band, bu t  on 
the form of t h e  spectrum of t h e  process being analyzed. I n v e s t i g a t i o n  o f  t h e  
behavior of t h e  e r r o r  (4.3.107) with a r b i t r a r y  s p e c t r a l  funct ions i s  complex, 
and even f o r  concrete s i t u a t i o n s  r ep resen t s  computational d i f f i c u l t i e s .  
However, on t h e  b a s i s  of  s eve ra l  works (Tikhonov, 1966; Klokov, 1964), w e  can 
assume t h a t  f o r  s u f f i c i e n t l y  high va lues  of  time T ,  t h e  e r r o r  i n  c a l c u l a t i o n  
o f  t h e  mean number o f  i n t e r s e c t i o n s  of t h e  zero l e v e l  by process  y ( t )  with 
var ious s p e c t r a l  forms (Klokov, 1964) w i l l  not d i f f e r  s i g n i f i c a n t l y ,  and t h a t  
i n  t h i s  case t h e  expression (4.3.108) can be accepted as an e s t ima te .  

The r e s u l t s  produced were used i n  a s p e c i a l  series of  experiments 20 
experiments ( t e n  tes t  s u b j e c t s ,  s e l e c t e d  as a funct ion o f  c l a r i t y  of 

c1 rhythm), where t h e  degree o f  emotional s t r e s s  w a s  determined e i t h e r  by t h e  

s k i n  galvanic  r e a c t i o n  o r  by t h e  in t roduc t ion  of  a game s i t u a t i o n  (see 

Chapter 2 ) .  The d i f f e r e n c e  between t h e  s i g n i f i c a n t  and any o f  t he  i n s i g n i f  

i c a n t  s i g n a l s  i n  a series o f  s i x  s t i m u l i  was i n v e s t i g a t e d ,  where when t h e  

former ( s i g n i f i c a n t  s i g n a l )  was used t h e  d i spe r s ion  of  t h e  mean number of 

i n t e r s e c t i o n s  o f  t h e  zero l e v e l  was determined approximately by t h e  pass band 

of  t h e  s p e c t r a l  analyzer  f i l t e r  ( s epa ra t ion  of c1 rhythm) with a r a t h e r  

r ec t angu la r  (see Figure 55) frequency c h a r a c t e r i s t i c  ( l i m i t  case) , while f o r  

t h e  l a t t e r  t h e  band was estimated as about 1 Hz (time of appearance of each 

s igna l  T d i d  not vary during t h e  process  of  t h e  experiment). In  comparing 

t h e  two values n

T , i  
(0)  and n

TYk 
(0) ,  where t h e  i - t h  s i t u a t i o n  corresponded t o  /142 


t h e  e f f e c t  of  t h e  s i g n i f i c a n t  s t imulus,  t h e  normal d i s t r i b u t i o n  was used f o r  

quan t i ty  q:  


where D i s  t h e  d i f f e r e n c e  between t h e  i - t h  and k - th  es t imates  of  t h e  mean 

number o f  i n t e r s e c t i o n s  of t h e  zero l i n e  by process  y ( t ) ,  each of which was 

a d d i t i o n a l l y  averaged f o r  6-10 r e a l i z a t i o n s  o f  t h e  s i g n a l  (see Chapter 2 ) ;  

o2 i s  t h e  sum of d i spe r s ions  corresponding t o  t h e  i - t h  and k- th  s i t u a t i o n s . 
D 
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The processing o f  t h e  material produced showed t h a t  i n  13 experiments 
t h e  s i g n i f i c a n t  s i g n a l  was separa ted  unambiguously: (&-, ( 6 ) > n T , k ( 0 ) ) ,  q>ta: 
whil.e  i n  two o t h e r  experiments, a group o f  two s i g n a l s  was def ined,  
conta in ing  t h e  s i g n i f i c a n t  s t imulus .  I n  remaining experiments,  t h e  re l i 
a b i l i t y  of  d i f f e r e n t i a t i o n  was low. For t h e  normal d i s t r i b u t i o n ,  parameter 
to = 1.96 corresponds t o  t h e  p r o b a b i l i t y  1 - 28 = 0.95 o f  determining random 

q u a n t i t y  q i n  t h e  i n t e r v a l  k1.96 i n  t e s t i n g  t h e  zero hypothesis  
(Van d e r  Waarden, 1960) 

The pre l iminary  r e s u l t s  produced, probably,  could be considered satis
fac to ry ,  consider ing t h e  degree o f  approximation of t he  es t imates  and the  
game na tu re  of most o f  t h e  s i t u a t i o n s  i n v e s t i g a t e d  i n  which t h e  t e s t  
sub jec t s  could vary  t h e i r  a t t i t u d e  toward t h e  incoming s i g n a l  s t i m u l i  wi th in  
c e r t a i n  l i m i t s .  

However, t h e  d a t a  produced do confirm t h e  f a c t  t h a t  f o r  a s u f f i c i e n t l y  
r e l i a b l e  eva lua t ion  of  t h e  s t a t e  of t h e  t e s t  s u b j e c t ,  it i s  d e s i r a b l e  t o  have 
a v a r i e t y  of phys io logica l  s i g n a l s .  

140 




-- 

CHAPTER 5 

FREQUENCY OF HEART CONTRACT IONS 

ABSTRACT. T h e  au to -co r re l a t ion  func t ions  of ca rd iac  rhythm 
a r e  analyzed, and i t  i s  determined t h a t  a f t e r  a s t eep ly  drop
ing i n i t i a l  s e c t o r ,  t h i s  funct ion f l u c t u a t e s  i n  a complex 
manner about the  absc i s sa  a s  p u l s e  frequency va r i e s  w i t h  
r e s p i r a t i o n  and emotional s t a t e .  An e l e c t r i c a l  analogue f o r  
vagus nerve inh ib i t i on  i s  presented.  Experinental modeling 
of t h e  inf luence o f  emotional s t r e s s  on ca rd iac  cont rac t ion  
frequency by d i g i t a l  computer i s  descr ibed.  

I n t  roduct ion 

The ca rd iac  rhythm i s  f r equen t ly  used i n  p r a c t i c e  t o  es t imate  t h e  degree /143 
of emotional s t r e s s  of  t h e  t e s t  s u b j e c t .  The na tu re  of  t he  change of h e a r t  
con t r ac t ion  i n t e r v a l s  TR- R i s  r a t h e r  complex even when t h e  ope ra to r  i s  a t  

r e s t .  On t h e  one hand, slow v a r i a t i o n s  i n  t h e  value of TR-R may occur with a 
per iod  on t h e  order  o f  one minute o r  more, while  on t h e  o t h e r  hand r ap id  
changes i n  TR-R may occur, r e s u l t i n g  p r imar i ly  due t o  t h e  inf luence  of  

r e s p i r a t i o n  on t h e  ca rd iac  con t r ac t ion  frequency ( r e s p i r a t o r y  r e g u l a t i o n ) .  

Frequently,  t h e  ope ra to r  s t a t e  i s  est imated using a sampling mean 
i n t e r v a l  T

(R-R)  , T  
o r  t h e  mean frequency o f  t h e  ca rd iac  rhythm fcYT: 

N 


s 

.determined over a c e r t a i n  t i m e  s e c t o r  T,  where P' :-. 2 T,,_,,, :. The averaging

7 2 - 1  

t ime T i s  s e l e c t e d  on t h e  b a s i s  of t h e  experimental condi t ions and t h e  
requi red  accuracy f o r  es t imat ion  of f 

c ,T 
(or  T 

( R - N  Y T
)', and i n  many cases  i s  

cha rac t e r i zed  by q u a n t i t i e s  on t h e  o rde r  o f  one minute and longer .  The 
inf luence  of r e s p i r a t o r y  r egu la t ion  on t h e  frequency o f  h e a r t  cont rac t ions  i s  
smoothed t o  some exten t  due t o  averaging f o r  s eve ra l  r e s p i r a t o r y  cyc le s .  If 
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w e  assume i n  t h i s  case  t h a t  it i s  poss ib l e  t o  u s e  t h e  r e s u l t s  of  t h e  theory  
of s t a b l e  random processes ,  we can analyze problems o f  convergence of t h e  
es t imates  f

c,T 
o r  T (R-R) , T *  

Let us  determine t h e  sampling average xN as t h e  a r i t hme t i c  mean of 

N random q u a n t i t i e s  xi: 


where xi i s  t h e  va lue  of t h e  sampling func t ion  x ( t )  of t he  p r o b a b i l i s t i c  

process ,  which is  . s t a b l e  i n  t h e  broad sense, at t h e  i - t h  moment i n  time, o r  

t h e  i - t h  value of  t h e  sample o f  random quan t i ty  x. We know t h a t  t h e  /144
-
mathematical expec ta t ion  of  t h e  sampling mean xN i s  equal t o  

t h e  mean va lue  of t h e  p r o b a b i l i s t i c  process  being s tud ied  (or  t h e  random 
quan t i ty ) .  The s t a t i s t i c s  f o r  which t h e  mathematical expe,ctation i s  equal t o  
t h e  quan t i ty  es t imated i s  c a l l e d  an unbiased es t imate ;  t h e r e f o r e ,  t h e  
sampling mean i s  an unbiased es t imate  f o r  t h e  mean va lue .  

On t h e  b a s i s  of t h e  e q u a l i t i e s  presented ,  t h e  d i s p e r s i o n  o f  t h e  sampling 
mean 02(xN ) can be  represented i n  t h e  form 

For our subsequent d i scuss ions ,  we r e q u i r e  information on t h e  co r re l a 
t i o n  between t h e  i - t h  and j - t h  samples. Let us  assume t h a t  t h e  readings a r e  
co r re l a t ed  r a t h e r  s t r o n g l y  and t h a t  we can consider  approximately 
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for a l l  values i , j .  I n  t h i s  case 

N IV 

Consequently, i f  t h e  samples a r e  s t r o n g l y  c o r r e l a t e d ,  r ega rd le s s  of 
t h e i r  number t h e  d i spe r s ion  o f  t h e  sampling mean i s  approximately equal t o  
t h e  d i spe r s ion  of t h e  p r o b a b i l i s t i c  process being analyzed (or a random 
q u a n t i t y ) .  In  t h i s  case, a s i n g l e  measurement gives  an equal ly  good (or bad) 
estimate of t h e  mean as any number o f  measurements. 

With uncorrelated readings 

Therefore 

I t  follows from t h i s  equation t h a t  with unl imited inc rease  i n  t h e  number 
of  measurements N ,  t h e  d i spe r s ion  of t h e  sampling mean approaches zero: /145 

This l a t t e r  r ep resen t s  consis tency o f  es t imate  xN' 
In o r d e r  t o  make a judgment concerning t h e  degree and na tu re  of 

c o r r e l a t i o n  couplings between t h e  i - t h  and j - t h  samples, w e  must know t h e  
c o r r e l a t i o n  ( o r  normalized c o r r e l a t i o n )  funct ion.  As an example, Figure 59 
shows t h e  two normalized c o r r e l a t i o n  funct ions %(n) of i n t e r v a l s  of  h e a r t  

con t r ac t ions  TR- R ( s o l i d  l i n e  and dot ted l i n e ) ,  t h e  va lues  o f  which [%(TI)] 

were evaluated us ing  t h e  formulae below ( N  = 450), from experiments with t h e  
ope ra to r  i n  t h e  s t a t e  o f  res t  (eyes open): 
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The va lue  o f  n c h a r a c t e r i z e s  t h e  s h i f t  i n  func t ion  %(n) i n  t h e  number of 

i n t e r v a l s  TR-R: A = 1 , 2 , 3  ... and f o r  s t a b l e  processes  n = i - j .  

Figure 59 

I t  follows from ana lys i s  o f  Figure 59 t h a t  t h e  au tocor re l a t ion  func t ions  
have a r a t h e r  s t e e p l y  dropping i n i t i a l  s e c t o r  and subsequently,  a t t enua t ing ,  
f l u c t u a t e  about t h e  absc i s sa ,  with r a p i d  o s c i l l a t i o n s  superimposed on slower 
o s c i l l a t i o n s .  This  cha rac t e r i zes  t h e  s t r u c t u r e  of t h e  process inves t iga t ed ,  
which was mentioned above, although i n  t h e  case  of t h e  func t ion  %(n) ,  shown 

on Figure 59 by t h e  dot ted  curve, w e  can ha rd ly  expla in  t h e  r ap id  f l u c t u 
a t i o n s  only by t h e  inf luence  o f  r e s p i r a t o r y  r egu la t ion .  

According t o  t h e  x 2  c r i t e r i o n ,  t h e  hypothesis  o f  normal d i s t r i b u t i o n  of  

T ~ - f o r  s t a t e s  d i f f e r i n g  s l i g h t l y  from t h e  rest s t a t e ,  which can be judgedR 
from t h e  change i n  t h e  mean i n t e r v a l  R- R o f  h e a r t  cont rac t ions  
--. _. 

6: (0;I - - -0 ,12)7’1~-~~,L\T~+.I~ i n  most cases  does not con t r ad ic t  t h e  experimental  
da ta .  

-/146 
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The na tu re  of  changes i n  t h e  h e a r t  rhythm (EKG2) and r e s p i r a t i o n  (R2) i n  

t h e  r e a l i z a t i o n s  (N = 450-500) f o r  which c a l c u l a t i o n s  were performed is shown 
on Figure 60. 

F i g u r e  60 

In a number of  cases i n  o r d e r  t o  produce supplementary information 
u s u a l l y  l o s t  with long averaging t imes,  it is  d e s i r a b l e  t o  e s t ima te  R- R 
u s ing  s h o r t  t i m e  s e c t o r s  T 2 (3-10) sec. This problem may a r i s e  with 
continuous t r a c k i n g  o f  t h e  ope ra to r  s t a t e  where t h e  ope ra to r  i s  under t h e  
inf luence of  s i g n a l s  ( s t i m u l i )  varying i n  length and na tu re .  The averaging 
t i m e  i n  t h i s  case is  determined on t h e  one hand by t h e  minimum t i m e  o f  a c t i o n  
o f  t h e  s i g n a l ,  and on t h e  o t h e r  hand by t h e  na tu re  of t h e  r e a c t i o n  o f  t h e  
t e s t  s u b j e c t  t o  va r ious  s t i m u l i .  

Experience shows t h a t  one o f  t h e  p r i n c i p a l  f a c t o r s  inf luencing e r r o r s  i n  
t h e  determination o f  R-R (or f

C 
) f o r  s h o r t  r e a l i z a t i o n s  i s  t h e  r e s p i r a t o r y  

r egu la t ion .  Let u s  analyze t h e  graphs presented on Figure 60. Quiet ,  
shallow b rea th ing  (R 2 ) causes r e l a t i v e l y  s l i g h t  dev ia t ions  i n  t h e  h e a r t  

c o n t r a c t i o n  i n t e r v a l s  (EKG2), while an inc rease  i n  the  depth and change i n  

t h e , n a t u r e  of  r e s p i r a t i o n  (R 1) may cause no t i ceab le  f l u c t u a t i o n s  i n  t h e  value 
of  T (EKG1),  sometimes amounting t o  one-half  o f  t he  mean value (Clynes, 
19607: 

I t  was shown above t h a t  i f  t h e  process whose values  are t h e  i n t e r v a l  

T ~ can be assumed s t a b l e  (see Figure 60, EKG2,  R 2 ) ,  t h e  d i spe r s ion  o f  t h e- ~ 
sampling mean C I ~ ( T

(R- R) ,T), evaluated through s h o r t  t i m e  i n t e r v a l  T (samples 

considered c o r r e l a t e d ,  see Figure 59) is  approximately equal t o  t h e  d i spe r 
s i o n  of  t h e  process i t s e l f  02(TR-R) - If w e  assume i n  t h e  general  case a /147 
r a t h e r  a r b i t r a r y  change i n  r e s p i r a t i o n  with va r ious  operator  s ta tes ,  as w e  
have a l r eady  seen, a t  least  t h e  d i spe r s ion  o f  h e a r t  con t r ac t ion  i n t e r v a l s  

T ~ - w i l l  depend on t i m e  and w i l l  b e  determined by t h e  na tu re  of  r e s p i r a t o r yR 
r egu la t ion .  In  t h i s  case, t h e  concepts and methods from t h e  theory o f  s t a b l e  
processes can h a r d l y  be  appl ied.  
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High emotional stress usua l ly  causes s i g n i f i c a n t  changes i n  quan t i ty-
T ~ - i n  comparison with t h e  res t  s ta te :R 

Here, t h e  in t e r f e rence  r e s u l t i n g  from t h e  inf luence  of r e s p i r a t i o n  i n  most 
cases can hardly have e s s e n t i a l  s ign i f i cance .  There i s  p r i n c i p a l  i n t e r e s t  i n  
t h e  s i t u a t i o n  of  comparatively s l i g h t  emotional stress (o r  o t h e r  s t a t e s ) ,  f o r  
which t h e  e r r o r s  a r i s i n g  r e s u l t i n g  from r e s p i r a t o r y  r egu la t ion  i n  the  
est imat ion of TR- R f o r  sho r t  r e a l i z a t i o n s  are r a t h e r  g rea t  and may be 

comparable t o  t h e  change i n  t h e  mean i n t e r v a l  o f  h e a r t  cont rac t ions  R-R 
upon t r a n s i t i o n  from one s t a t e  t o  another .  

Experiments show t h a t  t h e  e r r o r  i n  measurement of  ?;R- R over s h o r t  time 

s e c t o r  T increases  with increas ing  depth and ra te  of change o f  r e s p i r a t o r y  
waves (see Figure 60) and reach 10-15% of t h e  mean va lue  i n  t h e  s t a t e  of 
ope ra to r ' s  r e s t ,  which i s  comparable t o  t h e  changes i n  the  quan t i ty  ER-R 
( s igna l )  with s l i g h t  emotional s t r e s s  (3 G (0.1-0.15)TR-R).R-R 

These discussions show t h a t  i n  order  t o  decrease t h i s  e r r o r  it i s  
necessary somehow t o  compensate f o r  t h e  inf luence  of r e s p i r a t o r y  r egu la t ion  
on f l u c t u a t i o n s  i n  card iac  rhythm. This r equ i r e s  ana lys i s  o f  physiological  
information concerning t h e  opera t ion  o f  t h e  hea r tbea t  frequency r egu la t ion  
system. 

95.1. Physiological Regulation o f  Heartbeat Frequency 

The complex, mult i - loop r egu la t ion  of t h e  cardiovascular  system i s  
under t h e  d i r e c t  in f luence  of  emotional f a c t o r s  and i s  an autonomic func t ion  
of  t h e  nervous system, involving t h e  p a r t i c i p a t i o n  of  both sympathetic and 
parasympathetic s ec to r s .  Like t h e  o the r  func t iona l  systems ( i n  t h i s  case w e  
have i n  mind t h e  i n t e r n a l  motor system), t h e  cardiovascular  system has 
propr ioceptors ,  informing t h e  b r a i n  of t h e  movements and p r inc ipa l  physical  
conditions of i t s  operat ion.  The extension r ecep to r s  are contained i n  t h e  
c a r o t i d  s inus  ( a  s p e c i a l  nerve junc t ion  i n  t h e  area of t h e  arc o f  t h e  a o r t a  /148 
and t h e  branching of t h e  ca ro t id  a r t e r i e s )  and i n  t h e  a o r t a ,  as well as o the r  
p re s su re - sens i t i ve  areas of t h e  cardiovascular  system. I n  con t r a s t  t o  t h e  
system of  s k e l e t a l  muscles, t h e  cardiovascular  system automatical ly  repea ts  
i t s  motor a c t s ,  r equ i r ing  no conscious e f f o r t .  This rhythmic a c t i v i t y ,  
necessary f o r  continued ex is tence  of t h e  organism, i s  apparent ly  provided by 
nervous-muscular p rope r t i e s  similar t o  those  causing pe r iod ic  generat ion o f  
e l e c t r i c a l  impulses i n  t h e  neurons and muscle f i b e r s .  A small nervous-
muscular s t r u c t u r e  i n  t h e  h e a r t  t h e  "master o s c i l l a t o r "  i s  t h e  source 
of t h e  repeated e x c i t a t i o n ,  but  t h e  frequency is  adapted t o  the  requirements 
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of  pe r iod ic  muscular con t r ac t ions .  The e x c i t a t i o n  o f  t h e  human h e a r t  occurs 
approximately once p e r  second and does not correspond t o  t h e  frequency o f  
neuron a c t i v i t y ,  which v a r i e s  between 50 and 100 Hz.  The pu l ses  of t h e  
" o s c i l l a t o r f t  propagate toward t h e  a t r i a  and f u r t h e r  along t h e  c e n t r a l  nerve 
f i b e r s  o f  t h e  h e a r t  t o  t h e  v e n t r i c l e s ,  causing con t r ac t ion  o f  t h e  ca rd iac  
muscle . 

The frequency o f  h e a r t  con t r ac t ions  determined by t h e  "master o s c i l 
l a t o r , "  i s  subjected t o  r e g u l a t i n g  nervous inf luences.  Pulses a r r i v i n g  on 
t h e  f i b e r s  o f  t h e  vagus ne rve -dec rease  t h e  frequency of t h e  "master 
o s c i l l a t o r  o f  t h e  heart";  t h i s  i n f luence  i s  looked upon as a parasympathetic 
process  which is achieved through ace ty l cho l in .  The in f luences  o f  t h e  pu l ses  
of t h e  sympathetic f i b e r s  appear as an acce le ra t ion  o f  t h e  work o f  t h e  h e a r t ,  
which has an important r o l e  t o  p l ay  during hard work, emotional s t r e s s ,  etc. 
Even under normal condi t ions i n  t h e  s t a t e  o f  rest  t h e r e  i s  a c e r t a i n  tonus of  
t h e  vagus nerve,  so  t h a t  t h e  frequency of  h e a r t  con t r ac t ions  i s  lower than 
t h e  frequency o f  n a t u r a l  o s c i l l a t i o n s  of t h e  "cardiac o s c i l l a t o r  ,If which 
would be  observed without t h e  i n h i b i t i n g  inf luence of  t h e  vagus nerve.  A 
change i n  t h i s  delaying in f luence  of  t h e  vagus r e s u l t s  from va r ious  r e f l e c t o r  
pa ths .  The p res su re  i n  t h e  a rea  of t h e  c a r o t i d  s inus  and r ecep to r s  of t h e  
arch of t h e  a o r t a ,  extension of t h e  r ecep to r  zones around t h e  r i g h t  atrium 
and lungs,  as well  as i n  t h e  muscles of t h e  thorax r e s u l t  i n  t h e  presence of 
constant r e f l e c t o r  inf luences which d i r e c t l y  change t h e  summary in f luence  o f  
t h e  vagus on t h e  work of  t h e  h e a r t .  The vagus e f f e c t  may be  increased by 
o t h e r  r e f l e x e s  which have no in f luence  under normal condi t ions,  f o r  example 
t h e  r e f l e x  a r i s i n g  with s t rong  p res su re  on t h e  stomach o r  p re s su re  on t h e  
eye. 

A s  a . r e s u l t  o f  t h e  r e g u l a t o r y  in f luence  of  normal r e f l e c t o r  mechanisms, 
r e s p i r a t i o n  has a no t i ceab le  in f luence  on t h e  frequency. of h e a r t  contrac
t i o n s .  This e f f e c t  i s  q u i t e  d i f f e r e n t  than the  in f luence  of  r e s p i r a t i o n  on 
t h e  h e a r t  r e s u l t i n g  from t h e  comparatively slow changes i n  t h e  content of  /149 
oxygen and carbon d iox ide  i n  t h e  blood, t r ansmi t t ed  through t h e  chemo
receptors .  

The inf luence of  r e s p i r a t i o n  on t h e  work o f  t h e  h e a r t  i s  achieved 
through vagus r egu la t ion ;  t h i s  can be shown by i n j e c t i n g  a t r o p i n e  i n t o  a t e s t  
sub jec t  , t hus  el iminat ing changes i n  p u l s e  frequency r e l a t e d  t o  r e s p i r a t i o n  
(Clynes, 1960. In  t h e  general  case, as follows from t h e  above, t h e  frequency 
o f  h e a r t  con t r ac t ions  i s  determined simultaneously by in f luences  on t h e  
"heart  master o s c i l l a t o r "  of t h e  parasympathetic ( r e t a rd ing )  and sympathetic 
( acce le ra t ing )  segments of  t h e  human nervous system. 

55.2.  Model o f  Control o f  Frequency o f  "Cardiac Master Osc i l l a to r "  

The physiological  information on t h e  work o f  t h e  cardiovascular  system 
allows us t o  r ep resen t  t h e  process  o f  con t ro l  o f t h e  frequency of t h e  
"cardiac master o s c i l l a t o r "  as t h e  r e s u l t  o f  inf luence on i t s  parameters o f  
r e g u l a t i n g  s i g n a l s  a r r i v i n g  through t h e  sympathetic and parasympathetic nerve 
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f i b e r s .  Thus, t h e  e f f e c t  of ace ty l cho l in  (vagus r egu la t ion )  can be looked 
upon as a ' f a c t o r  having a parametr ic  i n f luence  i n  t h e  c i r c u i t ,  determining 
t h e  o s c j- 1 l a t i n g  mode of t h e  l l o s c i l l a t o r . l l  

The observa t ions  of Otsuka (1958) have shown t h a t  
t h e  i n i t i a l  a c t i o n  p o t e n t i a l s  of t h e  "cardiac master 
o s c i l l a t o r , "  determining i t s  e x c i t a t i o n  frequency, can 
be  approximately represented  as s i n e  waves. The 
paramet r ic  cont ro l  o f  t h e  frequency of a sine-wave 

Figure  61 o s c i l l a t o r  can be descr ibed  by t h e  H i l l  equat ion.  

Let u s  analyze as an example an RLC c i r c u i t  
(Figure 61) i n  which the  r e s i s t a n c e ,  inductance and 

capaci tance change wi th  t ime:  

where r ( t ) ,  Z ( t ) ,  s ( t >  a r e  v a r i a b l e  terms, while  Ro, Lo,  S 0 a r e  cons tan ts .  

Also, we w i l l  cons ider  t h a t  t h e  constant  terms a r e  g r e a t e r  than  t h e  cor re
sponding amplitudes of t h e  v a r i a b l e  terms: 

The d i f f e r e n t i a l  equat ion o f  f r e e  o s c i l l a t i o n s  i n  t h i s  c i r c u i t  w i l l  be  /150 

i f  we t ake  as t h e  i n i t i a l  func t ion  t h e  charge of condenser Q where 
uL = d/dt[L(dQ/dt)] i s  t h e  vol tage  across  t h e  c o i l ;  uR = dQ/dt(R) i s  t h e  

vol tage  across  t h e  r e s i s t o r ;  uc = Q/C i s  t h e  vo l t age  across  t h e  condenser. 

We produce f u r t h e r  

Then, t h e  equat ion f o r  f r e e  o s c i l l a t i o n s  of  t h e  condenser charge w i l l  
t ake  on t h e  form 
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Introducing t h e  symbols 

w e  produce t h e  d i f f e r e n t i a l  equation 

(5.2.1) 

which e s t a b l i s h e s  t h e  dependence of  t h e  o s c i l l a t i n g  mode i n  t h e  c i r c u i t  on 
changes i n  i t s  parameters R, L ,  C and is  c a l l e d  t h e  H i l l  equation. In t h e  
general  case, equations l i k e  (5.2.1) ar ise  i n  desc r ib ing  systems whose 
parameters change under t h e  inf luence of  e x t e r n a l  e x c i t a t i o n .  A s  app l i cab le  
t o  t h e  problem he re  being analyzed concerning t h e  in f luence  of r e s p i r a t i o n  on 
t h e  frequency o f  h e a r t  con t r ac t ions ,  o s c i l l a t i n g  func t ion  x ( t )  desc r ibes  t h e  
change i n  t h e  i n i t i a l  a c t i o n  p o t e n t i a l  o f  t h e  "cardiac master o s c i l l a t o r , "  
t h e  moments of  e x c i t a t i o n  o f  which w i l l  correspond i n  t h i s  case t o  maximum 
values of x ( t )  , determining t h e  breakthrough o f  t h e  physiological  membrane. 
Parameter a determines t h e  mean c a r d i a c  rhythm frequency, while  func t ion  u ( t )  
cha rac t e r i zes  t h e  in f luence  o f  changes i n  vagus i n h i b i t i o n  r e s u l t i n g  from 
r e s p i r a t o r y  r e g u l a t i o n  on t h e  "cardiac o s c i l l a t o r . "  An equation such as 
(5.2.1) was used i n  t h e  work of  Clynes (1960) i n  a s tudy of changes i n  t h e  
i n t e r v a l  TR-R a r i s i n g  as a r e s u l t  o f  r e s p i r a t i o n  i n  a t e s t  s u b j e c t  a t  rest i n  

t h e  s tanding p o s i t i o n .  

In  t h e  case  u ( t )  E 0,  t h e  s o l u t i o n  o f  equation (5.2.1) can be  repre- /151 
sented i n  t h e  form o f  a p e r i o d i c  func t ion  

where C ,  I$ are t h e  i n i t i a l  amplitude and phase of  t h e  o s c i l l a t i o n s ,  t h e  
frequency o f  which f co i s  descr ibed by t h e  equation 

(5.2.2) 

We no te  t h a t  as app l i cab le  t o  t h i s  parameter, t h e  case u ( t )  E 0 corresponds 
t o  constant  parameters Ro, Lo, C 0 of  t h e  o s c i l l a t i n g  c i rcu i t ,  which char

a c t e r i z e  t h e  s t a b l e  o s c i l l a t i n g  mode o f  t h e  o s c i l l a t o r .  
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It was s t a t e d  above t h a t  f o r  a c e r t a i n  s ta te  of t h e  operator ,  t h e  
frequency of  h e a r t  cont rac t ions  f 

C 
i s  determined by t h e  j o i n t  in f luence  of  

t h e  sympathetic S and parasympathetic U segments of t h e  nervous system on t h e  
frequency of n a t u r a l  o s c i l l a t i o n s  of  t h e  "cardiac master o s c i l l a t o r " f o  

I ,  = P ( U ,  s,/") 
( 5 . 2 . 3 )  

We w i l l  assume f u r t h e r  t h a t  t h e  i - t h  s t a t e  o f  t h e  tes t  sub jec t  over a r a t h e r  
sho r t  observat ion time i s  s t a b l e  o r  changes l i t t l e ,  s o  t h a t  t h e  r e s u l t i n g  
devia t ion  i n  ca rd iac  cont rac t ion  i n t e r v a l s  i s  s l i g h t  i n  comparison with i t s  
i - t h  mean value and t h e  d ispers ion  of q u a n t i t i e s  TR-R produced, as  exper

iments have shown, pr imar i ly  a s  a r e s u l t  of r e s p i r a t o r y  r egu la t ion  with any 
opera tor  s t a t e  (consider ing t h e  ope ra to r  states analyzed i n  t h i s  chapter ) .  
If we exclude t h e  parasympathetic e f f e c t ,  determined by the  inf luence  of  
r e s p i r a t i o n  [Ui = Uio], t h e  mean value of frequency f c , i  during t i m e  of 

ana lys i s  T can be represented i n  t h e  form [see (5.2.2)] 

(5.2.4) 

In t h i s  case, parameter a charac te r izes  the  r e s u l t  o f  t h e  combined a c t i o n  o f "  
sympathetic (acce lera t ing)  and parasympathetic ( re ta rd ing)  segments o f  t h e  
nervous system on the  "cardiac master o s c i l l a t o r . "  

On t h e  b a s i s  of t h e  above, we can use the  r e s u l t i n g  va lue  of a f o r  an 
eva lua t ion  of t h e  s t a t e  of  rest  o r  weak emotional stress i n  t h e  t es t  sub jec t ,  
t h i s  value being determined from equation (5.2.1) ,  with compensation f o r  t h e  
e f f e c t s  of  r e s p i r a t o r y  r egu la t ion  on t h e  h e a r t  frequency. 

55.3. Transfer  C h a r a c t e r i s t i c  of "Respiration-Vagus Inhibi t ion" 

In def ining func t ion  u ( t ) ,  t he  problem arose of studying t h e  t r a n s i e n t  /152 
processes  produced when r e s p i r a t i o n  was performed as fol lows:  
" inhale  hold exhale hold" and determinat ion of t h e  t r a n s f e r  char
ac te r i s t ic  i n  t h e  l i n k  " r e sp i r a t ion  vagus i n h i b i t i o n , "  which would allow 
these  t r a n s i e n t  processes  t o  be reproduced i n  t h e  so lu t ion  of equation 
(5.2.1).  

Experiments were performed with t es t  sub jec t s  i n  t h e  s i t t i n g  pos i t i on  
with var ious  depths of r e s p i r a t i o n  both i n  t h e  s t a t e  of  rest and i n  t h e  s t a t e  
of comparatively weak emotional stress, which was determined from changes i n  
pulse  frequency. 

Processing of t h e  experimental mater ia l  f o r  t h e  s t a t e s  i nves t iga t ed  
showed t h a t  t h e  ca rd iac  rhythm with staged r e s p i r a t i o n  a f t e r  t h e  inha la t ion  
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( o r  exhalat ion)  s e c t o r  shows a phase o f  increased frequency with a subsequent 
phase of decreased frequency and f u r t h e r  tendency toward r e t u r n  t o  t h e  
i n i t i a l  frequency1. The change i n  i n t e r v a l s  o f  ca rd iac  con t r ac t ion  TR-R 

during i n h a l a t i o n  is  g e n e r a l l y  g r e a t e r  than during exhalat ion,  while  i n  t u r n  
t h e  du ra t ion  o f  each phase of  t h e  ca rd iac  rhythm i s  increased upon exhal
a t i o n  i n  comparison with i n h a l a t i o n .  

I n  many cases, t h e  t r a n s i e n t  processes,  beginning with the  phase of  
decrease i n  q u a n t i t y  TR-R’ subsequently have t h e  n a t u r e  of damping o s c i l l a 

t i o n s .  This can b e  determined, i n  p a r t i c u l a r ,  by t h e  voluntary muscular 
r e g u l a t i o n  o r  comparatively g r e a t  physical  stress of t h e  t e s t  sub jec t  during 
r e s p i r a t i o n  ( f o r  example, i f  t h e  b r e a t h  i s  he ld  f o r  some t i m e  tg  > 15-20 sec 

e i t h e r  i nha led  o r  exhaled).  

F i g u r e  62 i l l u s t r a t e s  t h e  s p e c i f i c  f e a t u r e s  of t r a n s i e n t  phenomena i n  
t h e  ca rd iac  rhythm2. Each i n t e r v a l ,  determined by t h e  d i f f e r e n c e  i n  t i m e  
t 

j 
- ti ( t j  > t . )  i s  l a i d  out a t  moment t 

j 
along t h e  o rd ina te .  The graphs o f  

1 

R (1) and TR-R(2) c h a r a c t e r i z e  t h e  two-phase t r a n s i e n t  processes of t h eT ~ 
c a r d i a c  rhythm during i n h a l a t i o n  R1 and exhalat ion R 2 ,  while t h e  graph o f  

TR-R(3) has t h e  na tu re  of  damping o s c i l l a t i o n s  during i n h a l a t i o n  R 3’ The 

mean values  o f  i n t e r v a l s  TR-R’ c a l c u l a t e d  p r e l i m i n a r i l y  f o r  r a t h e r  l a r g e  
-

are shown on t h e  f i g u r e  by t h e  do t t ed  l i n e s .samples (T (R-R),T T ~ - ~ )  

The experiments show t h a t  va r ious  combinations are poss ib l e :  t h e  
t r a n s i e n t  process during i n h a l a t i o n  has t h e  na tu re  o f  damping o s c i l l a t i o n s ,  
while during exha la t ion  it i s  two-phased, o r  v i c e  v e r s a ,  e tc .  The changes i n  
ca rd iac  rhythm during s taged r e s p i r a t i o n  were observed i n  most cases i n  /153 
t h e  inves t iga t ed  s t a t e s  and depended l i t t l e  on the  depth of  r e s p i r a t i o n .  

Function u ( t ) ,  which provides good correspondence t o  actual t r a n s i e n t  
processes (staged r e s p i r a t i o n )  i n  t h e  s i t u a t i o n s  of  i n t e r e s t  t o  us when 
s u b s t i t u t e d  i n t o  equation (5.2.1) ( f o r  more d e t a i l  see § 5 . 4 ) ,  was produced by 
transforming analog s i g n a l  L ( t )  u s ing  a c e r t a i n  r u l e ,  represent ing t h e  change 
i n  t h e  area of t h e  thorax during r e s p i r a t i o n  R .  The transforming func t ions  
f o r  i n h a l a t i o n  (dL/dt > 0) and exha la t ion  (dL/dt < 0 )  were d i f f e r e n t  i n  t h e  
general  case. Each of them was composed of a l i n e a r  chain with subsequent 
non l inea r  weighing o f  t h e  r e s u l t  as a func t ion  of i t s  s i g n .  In ope ra to r  

_- . . ~ - __-..- . . .~ 
l-T=Td-&ntical na tu re  of  t h e  t r a n s i e n t  p rocesses  during i n h a l a t i o n  and 
exhalat ion can be  explained by t h e  inf luence of t h e  r ecep to r s ,  s e n s i t i v e  t o  
t h e  d i r e c t i o n  o f  t h e  p e r t u r b a t i o n .  

In  t h i s  and subsequent i l l u s t r a t i o n s  t h e  R a x i s  shows t h e  dimensionless 
u n i t s ,  while t h e  mean amplitude R during q u i e t  r e s p i r a t i o n  was on t h e  o rde r  
of 0.4-0.6 i n  t h e s e  experiments. 

0 
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form, t h e  sequence o f  t h e s e  ope ra t ions ,  f o r  example f o r  i n h a l a t i o n ,  can b e  /154 
descr ibed as follows: 

(5.3.5) 

where Ri n  (p) is t h e  t r a n s f e r  funct ion o f  t h e  l i n e a r  chain for i nha la t ion ;  

ui n  (p) i s  t h e  r e s u l t  o f  weighing of  L(p) by t h e  i n h a l a t i o n  transforming 

func t ion  (change i n  vagus i n h i b i t i o n ) ;  k 1 and k2  are c o e f f i c i e n t s  (kl > 0; 

k2 > 0); 

Simi la r  t ransformations were performed f o r  exha la t ion ,  bu t  only with new 
values o f  t h e  weight c o e f f i c i e n t  with r e s p e c t  t o  t h e  s i g n  k 3' k4 and another  

t r a n s f e r  c h a r a c t e r i s t i c  o f  t h e  l i n e a r  chain R ex (p) .  If  u(p) and L(p) a r e  

t h e  Carson-Heaviside t ransformations,  

f o r  t h e  r e s p i r a t i o n  process L( t )  and t h e  change i n  vagus i n h i b i t i o n  u ( t ) ,  t h e  
t r a n s f e r  c h a r a c t e r i s t i c s  Rin(p) and Rex (p) can b e  w r i t t e n  i n  t h e  form 

(5.3.6) 

(5.3.7) 

where a, y, wo are cons t an t s ,  determined by t h e  n a t u r e  o f  t h e  t r a n s i e n t  

process ,  while k' and k" are t h e  s e n s i t i v i t y  c o e f f i c i e n t s  o f  t h e  l i n e a r  
c i r c u i t s .  
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Figure 62 

Transfer  funct ions ( 5 . 3 . 6 )  and (5.3.7) can be  produced i n  p r i n c i p l e  by 
successive conjunction o f  t h e  disconnected RLC c i r c u i t  and in t eg ra t ing  
c i r c u i t  R 1C 1' 

Output s igna l  v ( t )  i s  taken from condenser C1, while f o r  

L ' >  0, r e s i s t o r  R1 i s  connected, and when L '  < 0 it i s  shorted.  The change 

i n  t h e  s ign  of t h e  t r a n s f e r  c h a r a c t e r i s t i c  of t h i s  c i r c u i t  should be  
performed simultaneously with commutation of r e s i s t o r  R,,. When long t i m e  

constants  must be  produced, spec ia l  opera t iona l  ampl i f ie rs  with feedback can 
be  used. 

As follows from equat ions ( 5 . 3 . 6 )  and ( 5 . 3 . 7 ) ,  t h e  t r a n s f e r  func t ion  o f  
t h e  c i r c u i t  f o r  exhala t ion  d i f f e r s  from t h e  corresponding funct ion f o r  
i nha la t ion  i n  t h e  add i t ion  of t h e  RC i n t e g r a t i n g  c i r c u i t ,  connected through a /155 
decoupling element, which s l i g h t l y  r e t a r d s  t h e  phases of  acce le ra t ion  and 
dece le ra t ion  of t h e  ca rd iac  rhythm i n  comparison with inha la t ion  ( see  
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Figure 62) .  In  o rde r  t o  f i n d  t h e  t r a n s i e n t  c h a r a c t e r i s t i c  h ( t ) ,  determined 
by l i n e a r  t ransformation c i r c u i t s  L ( t ) ,  w e  must s o l v e  t h e  equation 

(5.3.8) 

As a r e s u l t ,  w e  produce f o r  i n h a l a t i o n ,  f o r  example, 

(5.3.9) 

(5.3.10) 

(5.3.11) 

Here (-n);(-m) are t h e  r o o t s  of  t h e  equation p2 + 2ap + u2 = 0:
0 

Analysis o f  t h e  dependencies (5.3.9),  (5.3.10) and (5.3.11) shows t h a t  t h e  
t r a n s i e n t  process where a2 > u2 has two phases,  while  f o r  t h e  values  cx2 < u20 0 
it has t h e  na tu re  of  damping o s c i l l a t i o n s .  

We no te  t h a t  expression (5.3.9), determining t h e  r e a c t i o n  of  t h e  l i n e a r  
system t o  a u n i t  change i n  t h e  input  a c t i o n ,  corresponds t o  t h e  r e a c t i o n  of 
t h e  transforming func t ion  t o  ‘inhalation used i n  t h e  work o f  Clynes (1960). 

Figure 63 shows a s e r i e s  RLC c i r c u i t ,  t h e  t r a n s f e r  funct ion of  which i s  
descr ibed by equation (5.3.6) ,  ‘as well  as graphs of  t he  t r a n s i e n t  char
ac te r i s t ics  def ined by formulas (5 .3 .9) ,  (5.3.10) and (5.3.11).  

In t h i s  case 

The t r a n s i e n t  func t ions  f o r  i n h a l a t i o n  can be found s i m i l a r l y .  The c o e f f i - /156 
c i e n t s  o f  non l inea r  weighing (by s ign )  of  t h e  ou tpu t s  of  t h e  l i n e a r  

c i r c u i t s  kl, k2 and k3, k4 defined t h e  r e l a t i o n s h i p  between changes i n  


i n t e r v a l s  o f  h e a r t  con t r ac t ions  �or t h e  phases o f  a c c e l e r a t i o n  and dece le r 
a t i o n  during i n h a l a t i o n  and exhalat ion and i n  t h e  general  case (various 
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states  o f  t h e  t es t  s u b j e c t  and types of  r e s p i r 
a t i o n )  may depend on uin and uex; however, t h i s  

l a t t e r  problem w i l l  not be  inves t iga t ed  here .  

O f  course,  w e  are not  recommending t h e s e  
t r a n s i e n t  c h a r a c t e r i s t i c s  f o r  a l l  p o s s i b l e  cases 
of  t h e  in f luence  of  r e s p i r a t i o n  on t h e  pu l se  
frequency. However, most p r a c t i c a l  r e s u l t s ,  
some o f  which are presented below, show t h a t  
t h e  t r a n s f e r  funct ions o f  weighting L( t )  
c i r c u i t s  s e l e c t e d  on t h e  b a s i s  o f  experimental 
modeling by d i g i t a l  computer and t h e o r e t i c a l  
assumptions, allow us  t o  produce r a t h e r  good 
correspondence between t h e  s o l u t i o n  of  equation 
(5.2.1) i n  t h e  s i t u a t i o n s  of i n t e r e s t  t o  
us (es t imat ion of  t h e  value o f  TR- f o r  

comparatively sho r t  r e a l i z a t i o n s  f o r  t h e  
o p e r a t o r  s ta tes  being inves t iga t ed )  and t h e  
a c t u a l  f l u c t u a t i o n s  i n  ca rd iac  rhythm due t o  
r e s p i r a t o r y  r e g u l a t i o n .  

S5.4. Experimental Modeling b y  Digital  Computer 

The s o l u t i o n  o f  equation (5.2.1) f o r  t h e  
gene ra l  case o f  input  ac t ions  (frequency o f  
changes and value o f  u ( t )  comparable r e spec t 
i v e l y  t o  frequency o f  o s c i l l a t i o n s  o f  func t ion  
x ( t )  and value o f  parameter a )  was performedl 
u s ing  t h e  M-20 d i g i t a l  computer. A general  
block diagram of t h e  i n v e s t i g a t i o n s  i s  presented 
on Figure 64. The program f o r  processing c a l l e d  

Figure 63 	 f o r  t h e  formation of  funct ion u ( t )  as a r e s u l t  
o f  weighing o f  t h e  s i g n a l  of t h e  change i n  t h e  
area of t h e  thorax during r e s p i r a t i o n  L( t )  , 

which could be  f i x e d  d i s c r e t e l y  o r  i n  t h e  form o f  approximating expressions.  /157 
l'he func t ion  o f  vagus i n h i b i t i o n  u ( t )  with t h e  parameters o f  t r a n s f e r  char
a c t e r i s t i c s  s e l e c t e d  a ,  wo, y (o r  n ,  m ,  w) and t h e  c o e f f i c i e n t s  k1' k 2  and 

k3, k 4 was determined on t h e  b a s i s  of  t h e  expressions (see 95.3):  

(5.4.12) 

..-. -~-~ I i =--.. ~-~-. 1 -._- . - - . _ i = i . - _ - _ _ _ - - _ .  .~~ i i .  - = = I - -

The au tho r s  express  t h k i r  deep g r a t i t u d e  t o  Engineer P .  A.  L p o s e v a  f o r  h e r  
h e l p  i n  performing t h i s  s e c t i o n  of  ou r  work. 
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which correspond t o  t h e  d i f f e r e n t i a l  equat ions 

with subsequent weighing of  t h e  r e s u l t i n g  va lues  v ( t )  as a func t ion  o f  t h e  
s ign :  

(5.4.12') 

In  many cases with zero i n i t i a l  condi t ions when t h e  t r a n s i e n t  process  
from . inha la t ion  (exhalat ion)  i s  p r a c t i c a l l y  damped by t h e  beginning of 
exhala t ion  ( inha la t ion ) ,  approximate ca l cu la t ion  of func t ion  v ( t )  can be 
performed using t h e  Duhamel i n t e g r a l  

where h ( t )  i s  t h e  t r a n s i e n t  c h a r a c t e r i s t i c  o f  t h e  l i n e a r  c i r c u i t  during 
inha la t ion  (exhala t ion) ,  t h e  s t a b l e  mode o f  which ( cu r ren t s ,  condenser 
charges) i s  assumed constant  as t h e  t r a n s f e r  func t ion  i s  changed. I n  order  
t o  solve t h e  d i f f e r e n t i a l  equation (5.2.1), t h e  values  of  t h e  r e s u l t i n g  
v a r i a b l e  c o e f f i c i e n t  u ( t )  were found, and quan t i ty  2 was est imated [see 
(5.2.2)],  cha rac t e r i z ing  t h e  mean i n t e r v a l  o f  ca rd iac  cont rac t ions  during 
observat ion time T ( N  readings TR-R): 

(5.4.13) 
N 
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In  t h e  comparison s e c t i o n  /158 
( t i  + t i ) ,  t h e  sequence of  i n t e r 

v a l s  o f  con t r ac t ions  of  t h e  ac tua l  
h e a r t  T (R-R) ,i were compared t o  

those  produced by modeling 

T (R-R) ,is  

Moments i n  time ti corresponded t o  t h e  sequence of e x c i t a t i o n  o f  t h e  ca rd iac  
muscle, while moments i n  t i m e  ti corresponded t o  s t a r t u p  o f  t he  model o f  t h e  

"cardiac master o s c i l l a t o r , "  determined by t h e  maximum value of func t ion  
x ( t >

... 
In  o r d e r  t o  compare t h e  q u a n t i t i e s  TR - R  and TR-R, w e  used t h e  least  

squares method. The feedback loop z from t h e  output o f  t h e  comparison 
s e c t i o n  ( see  Figure 64) c a r r i e d  a value of c o e f f i c i e n t  2 with a c o r r e c t i o n  s o  
t h a t  i n  t h e  s o l u t i o n  of equation (5.2.1) t h e  value o f  t h e  e r r o r  ~ ~ ( 3 )was 
minimized: 

(5.4.15) 

... 
where i is  t h e  o rd ina l  number of i n t e r v a l  TR-R (or TR-R) i n  t h e  r e a l i z a t i o n  

o f  t h e  process  being i n v e s t i g a t e d .  The parameters a, wo, y ,  k l ,  k2,  k3 and 

k4 were assumed constant .  

If t h e  equa l i ty  

i s  s a t i s f i e d ,  t h e  b a s i c  e r r o r  i n  t h e  estimate R+R a r i s i n g  due t o  r e s p i r a t o r y  

r e g u l a t i o n  is  compensated t o  a consideTable extFnt and continues t o  decrease 
1 \ 

- I 

with decreasing A. In  t h i s  case, 3 = a,  where a i s  t h e  mean value o f  t h e  
c o e f f i c i e n t ,  ca l cu la t ed  on t h e  machine f o r  a c e r t a i n  s t a t e  of t h e  test  sub
j ec t  us ing  t h e  predetermined r e a l i z a t i o n  o f  t h e  process  i n  correspondence 
with expression (5.4.13): 
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(5.4.17) 


With complete exclusion o f  parasympathetic r e s p i r a t o r y  effects and unchanged 
ope ra to r  s t a t e  over  t h e  observat ion i n t e r v a l  w e  produce [see (5.2.4)] 

In  t h e  process o f  minimization of  e r r o r  ~ ~ ( 2 )i f  t h i s  was r equ i r ed ,  a s h i f t  

o f  t h e  r e a l i z a t i o n  ? [F-R) ,i along t h e  t i m e  a x i s  was performed, u sua l ly  within 

t h e  l i m i t s  of one t o  two i n t e r v a l s  TR-R’ which could decrease t h e  e r r o r  due 

t o  t h e  comparatively small dev ia t ions  of  parameters of  t h e  t r a n s f e r  func t ion  
a, wo, y and incomplete knowledge o f  t h e  i n i t i a l  condi t ions i n  t h e  s o l u t i o n  

o f  equation (5.2.1).  The d i s c r e t e  na tu re  o f  t h e  change i n  3 [see (5.4.16)] 
w a s  determined by two condi t ions:  on t h e  one hand, t h e  required accuracy o f  
c a l c u l a t i o n s ,  and on t h e  o t h e r  machine time economy, and was (0.001-0.05) 
2 (depending on t h e  magnitude o f  t h e  s i g n a l  expected ERvR).In  each 

concrete  case,  i f  r equ i r ed  by t h e  experiment, t h e  quan t i za t ion  s t e p  a could 
be  c l a r i f i e d  . 

The estimate o f  t h e  va lues  o f  a, wo, y (m, n ,  w) and c o e f f i c i e n t s  k 1’ 
k2, k3, k4 was performed, as a r u l e ,  with t h e  t es t  s u b j e c t  i n  t h e  q u i e t  

s t a t e .  We first measured c e r t a i n  parameters o f  t h e  envelope.of t he  a c t u a l  
t r a n s i e n t  process  of  t h e  ca rd iac  rhythm with s taged breathing “ inha le  
hold” or  “exhale hold,”  such as time t o f  i n t e r s e c t i o n  of t h e  l e v e l  of n 
t h e  mean i n t e r v a l  5;R-R’  t h e  moments o f  a t ta inment  of  t h e  minimal and maximal 

values  Emin’ ‘max’ t h e  a t t e n u a t i o n  time E a t  ’ etc .  The envelope h e r e  i s  taken 

t o  mean t h e  smooth curve connecting t h e  ends of  t h e  i n t e r v a l s  TR-R, l a i d  out  

along t h e  o r d i n a t e  a t  moments of e x c i t a t i o n  of  t h e  ca rd iac  muscle ti [see 

(5.4.141, Figure 621. I t  was assumed t h a t  t h e  measured parameters agreed 
approximately with t h e  same q u a n t i t i e s  f o r  t h e  funct ion @J2(t) = a - u ( t ) .  On 
the  b a s i s  of  t h e  t h e o r e t i c a l l y  determined dependence v ( t )  f o r  t h e  type of 
t r a n s i e n t  c h a r a c t e r i s t i c  s e l e c t e d  [ see  (5.3.9) ,  (5.3.10), (5.3.11)] and t h e  
change i n  t h e  inpu t  a c t i o n  with f i n i t e  f r o n t  tf f o r  i n h a l a t i o n  (exhalat ion) ,  

which d i f f e r e d  from t h e  r e s u l t i n g  value of u ( t )  only by t h e  weight c o e f f i 
c i e n t s  kl ,  k2,  kg and k4 [see (5.4.12)],  w e  ca l cu la t ed  i n  general  form 

moments i n  t i m e  tn’ tmax’ tmin’ tat, etc .  

-/159 
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(5.4.18) 


The so lu t ion  o f  equat ion system (5.4.18) for a, wo, y with s u b s t i t u t i o n  

of t h e  experimental q u a n t i t i e s  en, emax, emin, tat, etc .  allowed us  t o  

produce t h e  estimates 8, Go, 9 ,  which were then averaged f o r  severa l  r e a l 

i z a t i o n s  with var ious depths and rates o f  s taged  brea th ing ,  approximating 
t rapezoida l  curves i n  t h e s e  cases. 

As an example, l e t  u s  analyze t h e  sequence o f  operat ions of approximate 
ca lcu la t ions  of  parameters m and n from r e a l i z a t i o n s  o f  t h e  mean rhythm with 
brea th  held inhaled (s taged ac t ion  L( t )  with f i n i t e  f r o n t  t f )  f o r  t h e  

t r a n s i e n t  funct ion described by equation (5.3.9) : 

Using the  Duhamel i n t e g r a l  and keeping i n  mind /160 

we produce: 

The time of  i n t e r s e c t i o n  o f  mean l eve l  tn by t h e  process i s  found from t h e  

r e l a t i o n s h i p  

[Iin1 ( f )  --:U i n  ( l  1 f) 
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and i s  equal t o :  

If t h e  t r a n s i e n t  func t ion  
t h e r e f o r e  the  a t t enua t ion  

(5.4.19) 


i nves t iga t ed  (5.3.9) is two-phased, m > n ,  and 

'at of  t h e  process  ( r e tu rn  of card iac  rhythm t o  

i n i t i a l  l eve l )  i s  determined pr imar i ly  by parameter n considering inha la t ion  
time � f .  

Assuming f u r t h e r  

l e t  us  f i n d  the  estimate fi: 

Subs t i t u t ion  o f  t h e  experimental q u a n t i t i e s  t f ,  fi and � i n t o  equationn 
(5.4.19) allows us  t o  produce estimate fi. 

Approximate ca l cu la t ion  o f  kl ,  k2,  k3 and k4 was performed on t h e  b a s i s  

o f  formula (5.4.13). I n  t h e  t r a n s i e n t  processes  " inhale  hold exhale 
hold," w e  s e l ec t ed  t i m e  s e c t o r s  t ' ,  where t h e  i n t e r v a l s  TR changed slowly 

and determined the  time average T 

= const ,  s o  t h a t  
(R-R) ,t ' Here, w e  considered u ( t )  u = 

In t h e  r a t i o  f i / V  = 
equal t o  $) was de 
dependence [ see  (5 

Ti, t h e  quan t i ty  0 (over time t ' ,  funct ion V(t)  was assumed /161 
termined by s u b s t i t u t i o n  i n t o  the  t h e o r e t i c a l l y  ca l cu la t ed  
.4.12)] of t h e  est imates  ti, y ,  Go,  � f .  Experiments showed 

t h a t  t h e  approximation f o r  k i s  s a t i s f a c t o r y  i f  t h e  i n t e r v a l s  t '  are se l ec t ed  
i n  t h e  areas of maximum values  o f  TR- [N = 3-41 f o r  t h e  phase of r e t a r d a t i o n  

of  t h e  ca rd iac  rhythm during inha la t ion  and exhala t ion .  On t h e  b a s i s  of  most 
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experimental d a t a ,  c o e f f i c i e n t s  kl , k2 and k 3' k4 (5.4.12') can be  approx

imately determined from t h e  expressions (where e i t h e r  member of  each p a i r  i s  
known) : 

Final  s e l e c t i o n  o f  parameters a, y, wo, kl,  k2, k 3 and k4, i f  it is  required 

f o r  t h e  f i x e d  coincidence o f  t h e o r e t i c a l  and experimental t r a n s i e n t  
processes ,  was performed by solving equation (5.2.1) by machine (see 
Figure 64). The r equ i r ed  co r rec t ion  was achieved i n  t h e  c i rcu i t  o f  feedback 
z. In t h i s  case, t h e  method descr ibed above was used first t o  minimize 
e r r o r s  o f  divergence with r e spec t  t o  c e r t a i n  t i m e  po in t s  ( tmax' tmin' tn' 
e t c . )  of  t h e  c a l c u l a t e d  and experimentally produced envelopes of t h e  
h e a r t  con t r ac t ion  i n t e r v a l s  ( c l a r i f i c a t i o n  o f  a, y ,  uo ) ,  then f o r  general  

minimization o f  amplitude d i f f e rences  i n  t h e  q u a n t i t i e s  TR-R and TR-R 

( c l a r i f i c a t i o n  of k l ,  k2, k3, k4) .  

Parameter a (or  R- R) was considered unchanged i n  t h e s e  cases ( s t a t e  o f  

ope ra to r  r e s t )  and was est imated from a prel iminary sample (see Figure 60; 
E K G 2 ,  R2 ) as l a s t i n g  s e v e r a l  minutes. Calculat ions showed t h a t  t h e  a c c u r a q  

of  measurement of  R- R where t h e  number of  independent readings N = 35-40 i s  

r a t h e r  high. For example, i n  one o f  t h e  worst cases ,  t h e  confidence i n t e r v a l  
J B constructed f o r  R- R and corresponding t o  a confidence p r o b a b i l i t y  

1 - 28 = 0.95, was J B = (0.835 - 0.012; 0.835 + 0.012); T 
(R-R) ,T 

= 0.835. 

In c a l c u l a t i o n  o f  J B '  t h e  Student d i s t r i b u t i o n  was used (Van de r  Waar

den, 1960; Smirnov, Dunin-Barkovskiy, 1965; Nalimov, 1960). 

We analyze below a number o f  p r a c t i c a l  r e s u l t s .  Figure 65 shows real
i z a t i o n s  of  t h e  envelopes of  t r a n s i e n t  processes f o r  h e a r t  con t r ac t ion  
i n t e r v a l s  TR-R, c a l c u l a t e d  by machine (dot ted l i n e )  and produced i n  

experimental s i t u a t i o n s  ( s o l i d  l i n e s )  with t h e  t e s t  sub jec t  a t  rest  (eyes 
open) and under s l i g h t  emotional stress (viewing o f  low-significance s i g n a l s )  
with s t aged  b rea th ing  " inhale  hold exhale hold." The values o f  t h e  
i n t e r v a l s  T (R-R) ,i are l a i d  out on graphs a t  moments i n  t i m e  ti [see 

(5.4.14)] along t h e  o r d i n a t e  and t h e  p o i n t s  produced are connected by smooth /162 
curves.  The p l an  o f  t h e  cons t ruc t ion  i s  shown i n  t h e  r i g h t  upper corner of  
Figure 65, A. The graphs on Figure 65, A i l l u s t r a t e  t h e  two-phased t r a n s i e n t  
process  during i n h a l a t i o n  and exhalat ion (n = 10.3; m = 0.53; y = 0.65; 
k 1 = 1.4; k 2 = 0.7; k3 = 1.0; k4 = 0.6) while t h e  graphs o f  Figure 65, B have 
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t h e  n a t u r e  o f  a t t e n u a t i n g  o s c i l l a t i o n s  upon i n h a l a t i o n  ( a  = 0.2; w = 0.5; 
k1 = k

2
= 1) and are two-phased upon exha la t ion  (n = 0.25; m = 0.5; y = 0.6;

' 
k3 = 2.8; k4 = 1 . 2 ) .  

F i g u r e  65 

In t h e  f irst  case (see Figure 65, A)  as a r e s u l t  of  s o l u t i o n  of 
equation (5.2.1) by machine, an estimate was produced of t h e  mean in t e rva l .  o f  
h e a r t  con t r ac t ions  TR-R= 0.766, while i n  t h e  second case (see Figure 65, B ) ,  

T ~ - = 0.885. The prel iminary measurements of T 
(R-R) 9 T 

f o r  time T = 3 minR 
with q u i e t  r e s p i r a t i o n  i n  t h e  same experiments gave t h e  following r e s u l t s :  
T 

(R-R) J T 
= 0.780 (operator  r e s t ]  and T (R-N YT 

= 0.892 (weak emotional 

s t r e s s ) .  We no te  t h a t  f o r  t h e  s i t u a t i o n  cha rac t e r i zed  by t h e  graphs o f  
= minFigure 65, A, it is p o s s i b l e  t o  c l a r i f y  T 

(R-R) Y T 
i f  t h e  c r i t e r i o n  ~ ~ ( 5 )  

i s  s a t i s f i e d  ( t h e  quan t i za t ion  s t e p  with r e spec t  t o  8 was somewhat l a r g e ) .  
The mean amplitude R with q u i e t  breathing i n  t h e s e  experiments was determined 
from t h e  magnitude o f  t h e  v e r t i c a l  s e c t o r  l a i d  o u t  a t  moment t = 3 s e c  (see 
Figure 65). 

Figure 66 i l l u s t r a t e s  t h e  usage of t he  method with comparatively s t rong  
emotional stress (expectat ion of p a i n f u l  s t imulus)  f o r  s taged,  i n t e r r u p t e d  
r e s p i r a t i o n  R, where a r a t h e r  s t rong  masking effect  i s  produced by t h e  
d i spe r s ion  of q u a n t i t i e s  TR-R. In  t h e  case of s e v e r a l  r e s p i r a t i o n  cycles  

during t h e  in f luence  of  t h e  s i g n a l ,  t h e  phenomenon of  averaging due t o  
p o s i t i v e  and nega t ive  waves of t h e  t r a n s i e n t  c h a r a c t e r i s t i c s  on i n h a l a t i o n  
and exhalat ion i s  most s t r o n g l y  seen. The a b s c i s s a  determines t h e  o rd ina l  
number N of t h e  i n t e r v a l s  TR- during a n a l y s i s  t i m e  T f o r  each o f  t h e  four  

r e a l i z a t i o n s  shown on t h e  Figure. The a c t u a l  curves o f  t h e  t r a n s i e n t  
processes are shown by t h e  s o l i d  l i n e s ,  while t h e  ca l cu la t ed  curves are shown 
by t h e  do t t ed  l i n e s .  To t h e  r i g h t  of  each graph we show t h e  corresponding -type of r e s p i r a t i o n  R, while a t  moment i n  time t = 20 s e c  w e  show a v e r t i c a l  

,164 

s e c t o r  cha rac t e r i z ing  t h e  mean amplitude R with q u i e t  r e s p i r a t i o n .  
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fm estimate of t h e  mean value of t h e  parameter being measured, ca l cu l 
a t e d  be fo re  t h e  beginning of t h e  experiment f o r  r e a l i z a t i o n s  l a s t i n g  
T = 3 min, amounted t o  T 

(R-R) ,T 
= 0.86. 

Since i n  t h i s  case t h e  s i g n i f i c a n t  s i g n a l  was r a t h e r  l a r g e  (increment of 
mean value o f  i n t e r v a l s  TR-R ) ,  i t s  sepa ra t ion  was performed with a l a r g e  

quan t i za t ion  s t e p  with r e spec t  t o  i (machine estimates 7R-R = 0.965). On t h e  

b a s i s  of t h e  r e a l i z a t i o n  used i n  t h e s e  experiments T 
(R-R) ,J 

. with q u i e t  

r e s p i r a t i o n  (expectat ion of e lectr ical  s k i n  s t imulus)  

with a t o t a l  du ra t ion  o f  'r = 2.8 min, t h e  t i m e  average T 0.980 was 
ca l cu la t ed .  (R-R) ,T  

Analysis of t h e  graphs i n d i c a t e s  t h a t  t h e  estimate TR-R,T performed 

using f i v e - s i x  i n t e r v a l s  TR- R s e l e c t e d  a t  random without considerat ion of 

r e s p i r a t o r y  r e g u l a t i o n  can g ive  an e r r o r  reaching 15% o f  t h e  value of  
T = 0.98, which exceeds t h e  va lue  of t h e  s i g n a l  AT = 0.98

(R-R) ,T  (R-R) ,T
-0.86 = 0.12. 

The durat ion o f  an experiment i n  t h i s  s i t u a t i o n  was 30 min. The 
parameters of  t h e  t ransforming funct ion (n = 0.22; m = 0.43; y = 0.65; 
k = 1.4; k 2 = 0.6; k3 = 1.0; k, = 0.15) were s e l e c t e d  i n  t h e  s t a t e  of 

sub jec t  rest .  A t  t h e  end of t h e  experiment, a c e r t a i n  divergence was noted 
between t h e  c a l c u l a t e d  and a c t u a l  t r a n s i e n t  processes ,  t h e  l a t t e r  having a 
tendency t o  be drawn out  with inc reas ing  emotional stress, which i n  t h e  cases 
o f  i n t e r e s t  t o  u s  t a k e s  on p r i n c i p a l  s i g n i f i c a n c e .  

Figure 67, A, B ,  C shows t h e  in f luence  of  a change i n  parameters m ,  n ,  y 
on t h e  na tu re  of t h e  t r a n s i e n t  processes (rR-R = const)  with t h e  same type of  

s taged r e s p i r a t i o n :  " inhale  hold exhale hold." The a c t u a l  curve i s  
l abe led  with t h e  index a .  The graphs of Figure 67, D i l l u s t r a t e  t h e  s t a g e s  
of f u l f i l l m e n t  o f  c r i t e r i o n  c2(Ci)  = min f o r  t h r e e  values  o f  t h e  est imate- -

T .(R-R) ,1'- T

(R-R) , 2  
and (R-R) ,3 '  I n  t h i s  case,  t h e  cons t an t s  s e l e c t e d  f o r  


t h e  transforming func t ion  were d e t e m i n e d  by t h e  va lues  m = 0.5; n = 0.25; 
y = 0.51; kl = 6.0; k 2 = 1.5; k3 = 2 . 0 ;  k4 = 1.0.  

The dependencies presented on Figure 68 were constructed f o r  weak 
emotional s t a t e  of  t h e  t e s t  s u b j e c t ,  nea r  t h e  rest  s ta te  (n = 0.3; m = 0.5; 
y = 0.65; k 1 = 4.3; k 2 = 1 .5 ;  k3 = 1.7-; k4 = 0.45).  
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During t h e  time o f  a c t i o n  o f  a c e r t a i n  s i g n a l  (T 15-30 sec), two 
cycles  o f  i n h a l a t i o n  and exhalat ion could occur with d i f f e r e n t  na tu re  o f  
r e s p i r a t i o n ,  as shown on t h e  f i g u r e .  The mean amplitude R with q u i e t  
r e s p i r a t i o n  was cha rac t e r i zed ,  as above, by t h e  ve r t i ca l  s e c t o r  l a i d  out at 
moment i n  t i m e  t = 20 sec. The curves c a l c u l a t e d  on t h e  machine are shown by 
t h e  do t t ed  l i n e s .  The estimates of T (R-R) ,T'  c a l cu la t ed  using r e a l i z a t i o n s  /167 
T (R-R) ,i seve ra l  minutes long (qu ie t  r e s p i r a t i o n )  f l u c t u a t e d  during t h e  

process of  t h e  experiment between 0.9 and 0.862. The va lues  o f  ?;R-R 

ca l cu la t ed  i n  t h e  model are shown on t h e  f i g u r e  by t h e  do t t ed  l i n e s  p a r a l l e l  
t o  t h e  abscissa .  The t o t a l  d u r a t i o n  o f  t h e  experiment N a s  60 min. A t  t h e  
end of  t h e  experiment (Figure 68) ,  considerable  divergence w a s  noted between 
t h e  a c t u a l  curves of changes i n  i n t e r v a l s  TR- R and those  Calculated by 

However,machine, which, o f  course,  introduces e r r o r  i n t o  t h e  estimate TR-R. 
i n  t h e  case a t  hand, when t h e  c r i t e r i o n  ~ ~ ( 2 )= min i s  s a t i s f i e d ,  t h e  vclue 

o f  t h i s  e r r o r  i s  r a t h e r  low, which can be determined from t h e  value of  R-R.  


The r e s u l t s  produced allow us  t o  conclude t h a t  i n  t h e  s i t u a t i o n s  
analyzed ( s t a t e  of  t es t  s u b j e c t ,  na tu re  o f  b rea th ing )  t h e  model produces 
s a t i s f a c t o r y  r e s u l t s  when t h e  mean i n t e r v a l  o f  h e a r t  con t r ac t ions  i s  measured 
using shor t  r e a l i z a t i o n s  T (R-R) ,i' However, with longer  experiments, t h e  

n e c e s s i t y  may a r i s e  o f  a d j u s t i n g  t h e  model by i t s  parameters t o  t h e  type o f  
t r a n s f e r  c h a r a c t e r i s t i c s  i n  t h e  "respirat ion-vagus inhibi t ion! '  l i n k .  I t  
would be  d e s i r a b l e  t o  cont inue t h e  i n v e s t i g a t i o n s  of  changes i n  t h e  t r a n s f e r  
c h a r a c t e r i s t i c s  with va r ious  t e s t  s u b j e c t  s ta tes  and problems r e l a t e d  t o  
combination of t h e  funct ions o f  vagus i n h i b i t i o n  r e s u l t i n g  from i n h a l a t i o n  
and exhalat ion.  

55.5. Estimate of Mean Interval  o f  Heart Contract ions U s i n g  Simplified 
Met hod 

Let us r ep resen t  formula (5.2.1) i n  t h e  form 

where $ 2 ( t )  = a - u ( t )  i s  a v a r i a b l e  c o e f f i c i e n t .  

We w i l l  assume t h a t  t h e  func t ion  $ 2 ( t )  i s  cha rac t e r i zed  by a r a t h e r  high 
mean value a, about which r e l a t i v e l y  small o s c i l l a t i o n s  u ( t )  occur. On t h e  
b a s i s  of t h e  VKB method (Khedding, 1965; N .  Freman, P .  11. Freman, 1967; 
Kanningkhem, 1962), when t h e  condi t ions below are  f u l f i l l e d  



-- 
-- 

(5.5.20) 

t h e  approximate s o l u t i o n  of  equation (5i2.1) i n  t h i s  case can be  w r i t t e n  as 
follows: 

(5.5.21-) 

1 

where $ ( t )  changes more slowly than sin [ O  -; rp ( t ) d t l .  B ,  e a r e  a r b i t r a r y  /168 
constants .  0 

D i f f e r e n t i a t i n g  equat ion (5.5.21) 

I 

and s e t t i n g  t h e  f irst  d e r i v a t i v e  equal t o  zero,  we can f i n d  moments i n  time . 
tk corresponding t o  t h e  k-th extreme po in t s  of x ( t )  from t h e  equation 

(5.5.22) 

among which w e  can use known methods t o  determine ti such t h a t  t h e  values  o f  

t h e  func t ion  i n v e s t i g a t e d  are maximal. The d i f f e r e n c e  i n  succ;cssive moments 
i n  t i m e  ( f o r  t h e  two neighboring maxima x ( t ) )  

... 
,-ti ti . .~- - .  Y'(I<-.R) , i  (5.5.23) 

w i l l  c h a r a c t e r i z e  t h e  "heart  con t r ac t ion  i n t e r v a l s  ,If produced by modeling. 



Calcula t ion  of i n t e r v a l s  (5.5.23) does not  i n  t h i s  case r e q u i r e  
i n t e g r a t i o n  of expression (5.2.1);  however, so lu t ion  of t h e  t ranscendental  
equation (5.5.22) is  r a t h e r  , d i f f i c u l t .  

For f u r t h e r  s impl i f i ca t ion  o f  t h e  problem, we w i l l  consider  t h a t  with 
s u f f i c i e n t l y  small, slowly changing, continuous component u ( t )  [ $ 2  ( t )  = 
= a - u ( t ) ]  

1 

cot 
yo 4- ‘p ( t )  r l t ]  ==: 0 

II 

or  

u’( 1 )  !l$J ( 1 ) .  
(5.5.24) 

Under these  condi t ions,  moments ti of a t ta inment  of  t h e  maximum values  o f  t h e  

funct ions 

are approximately determined by t h e  same equation 

Let us  analyze t h e  behavior o f  c i r c u l a r  frequency Bt ’  -

Considering t h e  above concerning t h e  na ture  of t h e  funct ion o Z ( t ) ,  l e t  us  /169 
represent  equation (5.5.25) approximately i n  t h e  form 

1Ol I/;- ~ I/; u ( t )  (5.5.26) 
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I n  o rde r  t o  c a l c u l a t e  dependence (5.5.25) o r  ( 5 . 5 . 2 6 ) ,  it i s  required,  as 
follows from t h e  formulas, only t h a t  w e  know t h e  c h a r a c t e r i s t i c s  o f  vagus 
i n h i b i t i o n  u ( t ) ,  t h e  r e s u l t  o f  weighing o f  t h e  s i g n a l  of change i n  t h e  area 
o f  t h e  thorax during r e s p i r a t i o n  L ( t )  . 

On t h e  o t h e r  hand, from an a c t u a l  electrocardiogram w e  can determine t h e  
sequence o f  quank i t i e s  wt , i '  

1w, i = 2n; 
T ( R - R ) ,i ' (5.5.27) 

/
which i n  t h i s  case l i e  along t h e  ordinaxe a~ llluments i n  time t ?  ( cen te r  of 

1 
i - t h  i n t e r v a l  TR-R) : 

/ 
* t .  - t .ti - 1-1 

2 ' 

where ti i s  t h e  t i m e  o f  t h e  i - t h  e x c i t a t i o n  o f  t h e  c a r d i a c  muscle. 

Jo in ing  f o r  convenience t h e  experimental p o i n t s  of (5.5.27) with a 
smooth curve (ut) ,  w e  can use  t h e  methods descr ibed i n  §5 .4  t o  compare t h e  
dependence w t produced with funct ion ijt '  determined i n  t h e  model. As a 

- I  
r e s u l t ,  w e  w i l l  f i n d  an Cstimat? w 1' r e l a t e d  t o  t h e  e s t i m a t e s . o f  t h e  

parameters i n v e s t i g a t e d  a1 and 7
(R-R)  ,1 

with t h e  formula 

( 5 . 5 . 2 8 )  

As an example, l e t  us analyze one p o s s i b l e  s i m p l i f i e d  block diagram 
(Figure 69) ,  r e a l i z i n g  t h e  method descr ibed above i n  t h e  case of  t r a n s f e r  
funct ions o f  t h e  l i n e a r  c i r c u i t  with t h e  form [ see  (5.3.6) ,  (5.3.7);  
a2 < w;] 

corresponding t o  t h e  t r a n s i e n t  c h a r a c t e r i s t i c  

'I70 
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app l i cab le  t o  s taged i n t e r r u p t e d  i n h a l a t i o n  and exha la t ion  ( ta t  >, 10-15 sec) /170 

with deep Preathing, leadinn t o  considerable  f l u c t u a t i o n  o f  t h e  i n t e r v a l s  o f  
h e a r t  con t r ac t ions .  

We w i l l  consider  t h e  parameters n ,  m y  y t o  b e  s e l e c t e d  as a r e s u l t  o f  
prel iminary experimentation. S igna l  L ( t )  i s  d i f f e r e n t i a t e d  i n  t h e  c i r c u i t  
DC1 (time constant  l / n )  and, depending on t h e  s i g n  of  t h e  d e r i v a t i v e  

L ' ( t )  > 0 i n h a l a t i o n ;  L ' ( t )  < 0 exhalat ion 

e n t e r s  t h e  following u n i t s :  i n t e g r a t o r  IC ( t i m e  constant  l / y )  and 
d i f f e r e n t i a t i n g  device DC2 (time constant  l/m) f o r  exhalat ion,  o r  c i r c u i t  

IDC2, which changes t h e  s ign  o f  t h e  s i g n a l  t o  t h e  opposi te  s i g n  with subse

quent d i f f e r e n t i a t i o n  ( t i m e  constant  l/m) f o r  i n h a l a t i o n .  The outputs  of  
t h e  l i n e a r  c i r c u i t s  are weighted according t o  t h e  s ign  i n  proport ion t o  
c o e f f i c i e n t s  kl , k2  and k 3' k 4 (nonl inear  devices with varying ampl i f i ca t ion  

f o r  p o s i t i v e  and nega t ive  e f fec ts ) .  The output  func t ion  at of  u n i t  C y  /171 

combining t h e  transformed i n h a l a t i o n  and exha la t ion  s i g n a l s ,  i s  f e d  t o  
comparison c i r c u i t  (w t +- 6t ) t o  be  compared with experimental dependence ut. 

Unit C a l s o  receives  t h e  value of 2 predetermined f o r  t h e  processing i n t e r v a l  
[see (5.4.13)] ( i n  o rde r  t o  reduce search t ime) ,  which i s  adjusted i n  t h e  
process  o f  minimization of e r r o r  ~ ~ ( 2 )using t h e  feedback loop. Where 
equation (5.4.16) i s  s a t i s f i e d ,  an e s t ima te  of t h e  mean t i m e  of measured 
quan t i ty  21 i s  output ,  determined i n  t h e  model and r e l a t e d  t o  t h e  remaining 

parameters o f  formula (5.5.28) . Figure 70 shows t h e  experimental dependence 
w t fdnt ted l i n e )  and c a l c u l a t e d  dependence ijt ( s o l i d  l i n e )  f o r  r a t h e r  deep 

r e s p i r a t i o n  R with varying n a t u r e .  The graphs of  at and t . a r e  constructed 
-

with r e spec t  t o  q u a n t i t i e s  w = 7.3, determined by machine s o l u t i o n  o f  
equation (5.2.1) f o r  t h e  same inpu t  ac t ions  and t i m e  o f  ex i s t ence  of  t h e  
s i g n a l  T = 2 2  s ec .  Analysis o f  t h e s e  curves (ut, a t )  shows t h a t  i n  t h e  case 

a t  hand when t h e  c r i t e r i o n  ~~(2).=min i s  s a t i s f i e d ,  a s i m p l i f i e d  method 
- \  

y i e l d s  a s l i g h t l y  low estimate (wl 7.23) i n  comparison with t h e  q u a n t i t y  

c a l c u l a t e d  by machine. This  e r r o r  gene ra l ly  r e s u l t s  from the  degree o f  
approximation of s o l u t i o n  (5.5.21) f o r  comparatively long and r a p i d l y  
changing inpu t  ac t ions .  
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CHAPTER 6 

THE SPEECH S I G N A L  

ABSTRACT. Experiments i nd ica t e  t h a t  t h e  changes i n  t h e  
spec t r a l  condi t ions of a speech s ignal  a r e  among t h e  most 
r e l i a b l e  f o r  determination of t h e  emotional s t a t e  of a 
human ope ra to r .  Experiments preformed i n c l u d e d  modeling a 
human s p e e c h  u n d e r  t h e  inf luence of emotion by a c t o r s ,  which 
confirm t h e  s t a b l e  changes in frequency composition, e t c .  
w i t h  emotional co1or;ng. 

I ntroduct ion 

We know t h a t  i n  add i t ion  t o  t h e  symptoms perceived d i r e c t l y  by an 
observer  (blushing o r  paleness  of  t h e  f ace ,  na tu re  of expression, e t c . )  
emotions are accompanied by changes which can be  de t ec t ed  by s p e c i a l  methods 
o f  i n v e s t i g a t i o n  (some of which have been described i n  preceding sec t ions )  of  
var ious physiological  processes:  EEG, SGR, E K G ,  changes i n  blood p res su re ,  
r e s p i r a t i o n ,  s k i n  temperature,  chemical composition of t h e  blood, s a l i v a ,  
u r i n e ,  e t c .  

The recording o f  t h e s e  changes r e q u i r e s  contact  pickups, which i s  no1 
always convenient f o r  an a c t i v e l y  working ope ra to r .  Many vege ta t ive  
i n d i c a t o r s  used f o r  p r a c t i c a l  purposes ( fo r  example pu l se ,  r e s p i r a t i o n ,  
a r t e r i a l  pressure)  do not  allow a t  t h e  present  time r e l i a b l e  d i f f e r e n t i a t i o n  
of  p o s i t i v e  and negat ive emotions and, furthermore,  change sharply during 
physical  loading, thus ceasing t o  become r e l i a b l e  c r i t e r i a  f o r  t h e  degree o f  
emotional s t r e s s .  The s o l u t i o n  o f  p r a c t i c a l  problems r e q u i r e s ,  on t h e  one 
hand, a more p r e c i s e  a n a l y s i s  of  s i g n a l s  a l ready known, and on t h e  o t h e r  
hand a search f o r  new s i g n a l s  which can have independent s i g n i f i c a n c e  o r  
can be  processed toge the r  with o t h e r  s i g n a l  parameters i n  o rde r  t o  inc rease  
t h e  r e l i a b i l i t ) ;  o f  d e t e c t i o n .  

With t h i s  i n  mind, it seems q u i t e  i n t e r e s t i n g  t o  analyze t h e  o b j e c t i v e  
parameters of t h e  in tona t ions  of speech. We know t h a t  t h e  in tona t ion  color
a t i o n  o f  speech i s  a r e l i a b l e  means o f  communications. Recording o f  a speech 
s i g n a l  does no t  r e q u i r e  con tac t  pickups,  r e q u i r e s  no a d d i t i o n a l  te lemetry 
channels,  s i n c e  t h e  recordings o f  conversat ions using e x i s t i n g  communications 
channels can be  used. 

Practical experience and c e r t a i n  s p e c i a l  work i n  t h i s  area (Artem'yev, 
1961; V i t t ,  1965; Zhinkin, 1958; Fr iedhoff ,  1962; Hoffe, 1956-1957; 
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Lieberman, Michaels, 1962) ind ica t e  t h a t  o b j e c t i v e  ind ices  t o  be  used t o  draw 
conclusions concerning t h e  emotional s t a t e  of  t h e  speaker  can be  found i n  t h e  
in tona t ion  c h a r a c t e r i s t i c s  o f  speech. 

We analyze below some problems of t h e  u t i l i z a t i o n  of t h e  r e s u l t s  of 
s p e c t r a l  ana lys i s  of a speech s i g n a l  t o  eva lua te  t h e  degree of  emotional 
stress o f  an operator1.  

Before going over t o  a desc r ip t ion  o f  t h e  d a t a  produced, w e  would l i k e  /173 
t o  d i scuss  c e r t a i n  concepts from t h e  theory of  speech formation and methods 
I f  s p e c t r a l  processing o f  a speech s i g n a l ,  which w i l l  b e , r e q u i r e d  f o r  our 
f u r t h e r  presenta t ion .  

S6.1. Model o f  S p e e c h  Channel 

The speech s i g n a l ,  as we know, r ep resen t s  t h e  r e a c t i o n  of  t h e  resonance 
( f i l t e r i n g )  system of t h e  speech path t o  t h e  e f f e c t s  of  one o r  more gener
a t o r s  of  audible  o s c i l l a t i o n s .  In o the r  words, t h e  sound o s c i l l a t i o n s  
c rea ted  i n  surrounding space can be represented as func t ions  dependent on t h e  
parameters of t h e  corresponding sources  of sound and on t h e  parameters of t h e  
complex systems o f  resonators ,  including those  such as t h e  loading r e s i s t a n c e  
of  t h e  mouth ( r a d i a t o r ) .  Resonators are formed by t h e  c a v i t i e s  of  t he  
mouth and pharynx, and i n  many cases  by t h e  nasa l  cav i ty .  

We could suggest a l a rge  number of  models o f  speech formation s a t i s f y i n g  
these  requirements.  However, i n  our f u r t h e r  a n a l y s i s  it i s  des i r ab le  t o  
select  those  which imitate r a t h e r  w e l l  t h e  acous t i ca l  p i c t u r e  of ac tua l  
speech s i g n a l s  and which a r e  a l s o  convenient from t h e  poin t  of view of t h e i r  
mathematical ana lys i s .  In  t h i s  sense,  it i s  expedient t o  use e l e c t r o n i c  
models of t h e  speech forming pa ths ,  which are comparatively simply r e a l i z e d  
t echn ica l ly  and allow us t o  use  apparatus from t h e  theory o f  e l e c t r i c a l  
c i r c u i t s  f o r  t h e i r  i nves t iga t ion .  Figure 71  a shows an e l e c t r o n i c  model of  
t h e  speech path (without consider ing the  nasa l  cav i ty )  which i s  f requent ly  
used at  t h e  present  time (Sapozhkov, 1963; Fant,  1964). In  the  case a t  hand, 
t h e  larynx i s  t h e  source of o s c i l l a t i o n s  E ,  which has a c e r t a i n  i n t e r n a l  
impedance Z (impedance of t h e  c a v i t i e s  before  t h e  source) .  The vocal cords,  
c los ing  and opening t h e  larynx,  modulate t h e  flow o f  a i r  and c r e a t e  a 
sequence of  pu lses  (see Figure 71 b)  which a r e  nea r  saw-toothed i n  form 
( s t r i c t l y  speaking, t h e  vocal cords not  only modulate t h e  flow of a i r ,  but  
a l s o  v i b r a t e ,  c r ea t ing  addi t iona l  o s c i l l a t i o n s  imposed on t h e  b a s i c  
impulses).  The frequency spectrum @ . ( f )  produced with t h i s  sound pressure

1 


contains  a l a rge  number o f  harmonic components (Figure 71 c ) ,  t h e  amplitude 
o f  which decreases as t h e i r  number increases  a t  about 1 2  db per  octave.  I t  
should be noted t h a t  i n  t h e  general  case t h e  sequence of pulses  c rea t ed  by 

' _ _ _ _ _ i. = . _ .  ~ i ~ ~ i _ i  

The authors express  t h e i r  deep g r a t i t u d e  f o r  cooperat-ion i n - t h i s  secTi&K-of 
t h e  work t o  comrades V. A. Popov, L. S. Khachatur'yanets and A. G .  Tishch
enko. 
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t h e  vocal cords i s  not  pe r iod ic  i n  t h e  mathematical sense,  which i s  explained 
by t h e  f i n i t e  dura t ion  of t h e  sound and t h e  uns t ab le  r e p e t i t i o n  frequency o f  
t h e  pu l ses  themselves, which may depend on loudness, type of vocal  ma te r i a l ,  
emotional content  (Voloshin, 1966; V i t t ,  1965), e t c .  I n  connection with 
t h i s ,  r ep resen ta t ion  of spectrum @ .  ( f )  as a l i n e a r  harmonic syectrum i s  an 
i d e a l i z a t i o n .  1 

The r e p e t i t i o n  frequency of pu l se s  from t h e  o s c i l l a t i o n  source E char- /174 
acterizes t h e  type of vo ice  speaking (bass ,  ba r i tone ,  t eno r ,  a l t o ,  c o n t r a l t o ,  
soprano) and i s  c a l l e d  t h e  base tone  frequency Fbt. For Russian speech, t h e  

mean va lue  o f  F l i e s  between 97 and 200 Hz f o r  masculine voices  and 
200-320 Hz f o r  piminine voices .  

The sequence o f  pu lses  with r e p e t i t i o n  frequency Ti e x c i t e s  quadrupole 
M ( input :  1-1, output :  2 - 2 ) ,  r ep resen t ing  t h e  speech pa th  from t h e  source 
o f  sound t o  t h e  ape r tu re  of  t h e  mouth ( see  Figure 71  a ) .  If we r ep resen t  t h e  
frequency and phase c h a r a c t e r i s t i c s  o f  t h e  quadrupole by CM(f) 2nd a M ( f )  

r e spec t ive ly ,  i t s  output  w i l l  c a r ry  o s c i l l a t i o n s  with frequency spectrum 
@ ( f )  (see Figure 71 e ) :  

and phase spectrum a ( f ) :  

where 

where S i ( f )  and S ( f )  a r e  t h e  complex s p e c t r a .  

One poss ib l e  r e a l i z a t i o n  of t h e  s i g n a l  a t  t h e  output of t h e  quadrupole 
i s  shown on Figure 71 g. 

The s p e c t r a l  i n t e r p r e t a t i o n  presented above is  c o r r e c t  i f  t h e  cha rac t e r 
i s t i c s  o f  t he  resonant  speech path system a r e  independent of t h e  char
a c t e r i s t i c s  of t h e  source o f  o s c i l l a t i o n s  E ,  which i s  an i d e a l i z i n g  
assumption. 
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The frequency areas of t h e  m a x i m a  observed 
on t h e  s p e c t r a l  p i c t u r e  o f  speech sounds are 
c a l l e d  formant zones o r  simply formants. The 
l o c a t i o n  o f  t h e  s p e c t r a l  peaks corresponds 
approximately t o  t h e  resonances of t he  speech 
pa th .  I t  can b e  shown t h a t  t h e  i n e q u a l i t y  o f  
f requencies  o f  s p e c t r a l  maxima o f  t h e  output 
s i g n a l  (Figure 71 e )  and t h e  resonance frequen
c i e s  of t h e  s p e c t r a l  c h a r a c t e r i s t i c  of t h e  
quadrupole M ( see  F igure  71 d)  can be explained 
p r i n c i p a l l y  by t h e  decrease  i n  spectrum S.  ( f )

1 


with inc reas ing  frequency. However, t h i s  

d i f f e r e n c e  i s  not  g r e a t ,  and i n  p r a c t i c e  it i s  
/175
f requen t ly  ignored. The formant zones a r e  
represented  i n  inc reas ing  order  F1,  F2,  F3, ... 

I -.f 
and t h e i r  f requencies  as F1, F2,  Fg, ... 
r e spec t ive ly .  Figure 71 e shows t h e  first two 
formants. S ince  t h e  formants a r e  considerably 
s t ronge r  than  t h e  o t h e r  components, it i s  they  
which a c t  p r imar i ly  on t h e  e a r  of t h e  l i s t e n e r ,  
forming t h e  sound of each ind iv idua l  speech 
sound. Thus, it seems t h a t  one of t h e  
p r i n c i p a l  c h a r a c t e r i s t i c s  o f  t h e  sound spectrum 
of speech i s  t h e  number of formants and t h e i r

t-7; -1 	 placement i n  t h e  frequency a rea .  Where t h e r e  
a r e  no c l e a r l y  expressed formant zones i n  t h e  
spectrum of t h e  s i g n a l ,  we can use  t h e  method 

Figure 71 of s p e c t r a l  moments f o r  ana lys i s :  

(6.1.1) 
11 

where Pn i s  t h e  i n t e n s i t y  of t h e  n- th  band of  t h e  spectrum; f n i s  t h e  mean 

frequency of t h e  n - th  s p e c t r a l  band; A f  c h a r a c t e r i z e s  t h e  width of t h e  
spectrum; M0 c h a r a c t e r i z e s  t h e  i n t e n s i t y  o f  t he  e n t i r e  spectrum; M1 char

a c t e r i z e s  t h e  mean frequency of t h e  spectrum, c a l l e d  t h e  cen t ro id  of t h e  
spectrum ( o r  t h e  weighted mean frequency);  M2 cha rac t e r i zes  t h e  mean square 

frequency o f  t he  spectrum. 

On t h e  b a s i s  of formulas (6 .1 .1) ,  t h e  spectrum can be charac,terized by 
t h e  i n t e n s i t y  M , mean frequency f I and width A f .  These moments can be  use6 
f o r  s p e c t r a  w i t f ?  c l e a r l y  expressed formant areas as wel l .  However, i n  t h i s  
case,  they should be  determined f o r  each of t h e  formant zones sepa ra t e ly .  
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The n u l l s  o f t h e  output  s i g n a l  spectrum are sometimes c a l l e d  a n t i -
formants. The form of  d isc ' re te  s p e c t r a l  d i s t r i b u t i o n  analyzed above 
(Figure 71 e )  corresponds p r i n c i p a l l y  t o  t h e  p i c t u r e  which obta ins  during t h e  
pronunciat ion o f  vowel sounds, which have clear s i g n a l  p e r i o d i c i t y .  Many 
consonant sounds are aper iodic ,  s o  t h a t  t h e i r  frequency spec t r a  are e i t h e r  
completely s o l i d  or contain s o l i d  frequency spectrum s e c t o r s  (Pokrovskiy, 
1962). 

When vo ice l e s s ,  as w e l l  as many voiced consonants are pronounced, t h e  
no i se  source of sound o s c i l l a t i o n s  i n  many cases is  tu rbu len t ,  loca ted  i n  
one of t h e  c o n s t r i c t i o n s  of  t h e  vocal  path.  I t  may be e i t h e r  "continuous" 
(sounds pronounced over  some per iod of  t ime) ,  or pulsed ( i n  t h e  case o f  t h e  
so -ca l l ed  p los ive  sounds). 

Continuous speech formation is  determined pr imar i ly  by two f a c t o r s :  t h e  
source o f  o s c i l l a t i o n s  and t h e  f i l t e r  (Fant, 1964). Upon t r a n s i t i o n  from /176 
phoneme t o  phoneme1, modulation of t h e  o s c i l l a t i o n s  from t h e  v a r i a b l e  sound 
source (cons is t ing  of  voice,  no i se ,  vo ice  and noise  toge ther ,  with va r i ab le  
r i se  and f a l l  o f  o s c i l l a t i o n s ,  e t c . )  by the  slowly changing f i l t e r  funct ion 
of t h e  speech path occurs .  

Thus, t h e  t r a n s i t i o n  from a long nasal  t o  a long, sonorous, t h roa ty  
sound i s  charac te r ized  by a change i n  t h e  f i l t e r  �unction; t h e  t r a n s i t i o n  
from a long den ta l  f r i c a t i v e  t o  a vowel sound i s  charac te r ized  by a change 
both i n  t h e  source of o s c i l l a t i o n s  and i n  the  f i l t e r  func t ion  of  t he  speech 
path.  

Thus, t h e  continuous speech s i g n a l ,  carrying semantic information, i s  
charac te r ized  by changes i n  t h e  parameters of t h e  o s c i l l a t i o n  source and t h e  
f i l t e r  func t ion  of t h e  speech pa th ,  and can be represented on t h e  b a s i s  o f  
ana lys i s  of  speech formation i n  t h e  general  case as  an uns tab le  random 

' process (Voloshin, 1966). 

56 .2 .  Problems o f  Spectral  Analysis o f  Speech Signals  

I t  was shown above t h a t  t h e  acous t i ca l  p i c t u r e  of speech sounds (based 
on t h e  model of speech formation which we have analyzed) is charac te r ized  by 
t h e  source of  o s c i l l a t i o n s  and t h e  f i l t e r  system o f  t h e  speech path.  For 
example, spectrum S(w) of t h e  absolu te ly  in t eg rab le  output s igna l  f ( t )  

- . = - ~  .. ~~ 

i-S t -sdard ize-dspeech  sounds are r e f e r r e d  t o  as phonemes i n  speech s igna l  
t ransmission technology. The Russian language includes 40-41 phonemes, 
explained by correspondence of  many consonants t o  two sounds: hard and s o f t ,  
while almost h a l f  t h e  vowels have dual sounds (y p lus  vowel). 
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( 6 . 2 . 2 )  

i s  p r imar i ly  determined by t h e  t r a n s f e r  c h t f r a c t e r i s t i c  o f  quadrupole M 
(Figure 71 a). A monotonous decrease a t  about 6 db/oct o f  s p e c t r a l  func t ion  
S. (u) of t h e  sound source (under t h e  in f luence  of  t h e  r a d i a t o r )  can be  
1 


considered i n  t h e  model by in t roduc t ion  of  a co r rec t ing  c o e f f i c i e n t  
( increasing t h e  ampl i f i ca t ion  of  t h e  s i g n a l  by 6 db/oct with increasing 
frequency).  The s p e c t r a l  d e n s i t y  of  t h e  energy can b e  found from t h e  
express ion 

where S*(u) i s  complexly conjugate with S(w) .  

In  o rde r  t o  judge t h e  p r o p e r t i e s  of a speech s i g n a l  a t  a given moment i n  
t i m e ,  we must go over t o  t h e  instantaneous spectrum 

(6.2.3) 

where ST(u, t) i s  def ined as t h e  spectrum o f  t h e  s e c t o r  o f  t h e  process  of /177-
durat ion T, immediately preceding t h e  given moment t .  The constant  i n t eg ra 
t i o n  i n t e r v a l  i n  t h i s  case moves along t h e  time a x i s ,  and i t s  l o c a t i o n  i s  
unchanged r e l a t i v e  t o  instantaneous time t .  With a more general  d e f i n i t i o n  
of t h e  instantaneous spectrum i n  t h e  integrand of  (6.2.3),  we introduce t h e  
s l i d i n g  ( r e l a t e d  t o  t h e  instantaneous moment o f  observat ion)  weight funct ion 
(Kharkevich , 1957) 

(6.2.4) 

Expression (6.2.3) follows from equation (6.2.4) ,  i f  

p ( z )=y(.tc-/-- "y(:c), 

where 
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Transform (6.2.4), which can be r a t h e r  simply achieved using a system of 
frequency f i l t e rs ,  i s  f r equen t ly  used f o r  ana lys i s  of speech s igna l s .  Here, 
weight func t ion  p(x) is  s e l e c t e d  i n  t h e  form (Fano, 1950) 

(K i s  a constant  c o e f f i c i e n t ) ,  which ref lects  t h e  ac tua l  r e s u l t  of s p e c t r a l  
ana lys i s  using a c t u a l  f i l t e r s  with time constant  l / a .  However, t h e  usage of  
t h i s  method f o r  speech s i g n a l s  encounters c e r t a i n  d i f f i c u l t i e s .  On t h e  one 
hand, extended sounds have varying s p e c t r a l  s t r u c t u r e  and t h e i r  ana lys i s  
r equ i r e s  . f i l t e r s  with g r e a t  reso lv ing  capac i ty  with r e spec t  t o  frequency, 
while on t h e  o t h e r  hand t h e  p los ive  sounds a r e  charac te r ized  pr imar i ly  by 
t i m e  dependences, which r equ i r e s  a f i l t e r  with low reso lv ing  capac i ty .  The 
compromise so lu t ion  should be se l ec t ed  on t h e  b a s i s  o f  t h e  concrete condi
t i o n s  a t  hand. 

I t  was noted above t h a t  i n  t h e  general  case t h e  continuous speech s igna l  
i s  an uns tab le ,  random process .  Going over t o  t h e  instantaneous power 
spectrum, w e  can wri te  (Levin, 1966' 

where B(t ,  T )  i s  t h e  c o r r e l a t i o n  func t ion  of t h e  random s i g n a l .  . 

A t  t h e  present  time, with t h e  var ious methods used f o r  processing speech /178 
processes  , t h e  ca l cu la t ion  of  c o r r e l a t i o n  func t ions  i s  performed over  
i n t e r v a l s  (usual ly  seve ra l  t ens  of mil l iseconds)  i n  which t h e s i g n a l  
i s  looked upon as  a quas i - s t ab le  process ,  while  R(T) i s  looked upon as an 
even funct ion o f  T .  I n  t h e  general  case f o r  uns t ab le  s i g n a l s  t h i s  i s  unt rue ,  
and the re fo re  t h e  c o r r e l a t o r s  used have some de fec t s  i n  t h e i r  f i l t e r  
analyzers .  The usage of d i g i t a l  computers f o r  s t r ic te r  ca l cu la t ion  of 
R( t ,  T )  using a l a rge  quan t i ty  of  s ta t i s t ica l  material i s  economically
unsu i t ab le  i n  comparison with t h e  f i l t e r  method, and no method is  ye t  known 
f o r  using func t ion  R( t ,  T )  as ca l cu la t ed  from a se t  o f  r e a l i z a t i o n s  
(Voloshin, 1966). 
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I n  r ecen t  yea r s ,  due t o  t h e  i n t e n s i v e  development o f  computer 
equipment, we have seen eve r  broader  in t roduc t ion  o f  d i g i t a l  computers 
i n t o  i n v e s t i g a t i o n s  on t h e  a n a l y s i s  and r ecogn i t ion  o f  speech s i g n a l s .  
The usage o f  d i g i t a l  computers allows t h e  operat ion o f  t h e  known 
analyzing devices t o  be modeled, allows processing o f  t h e  signal very 
c l o s e  t o  t h e  mathematical model t o  be achieved, and i n  many cases allows 
a s i g n i f i c a n t  a c c e l e r a t i o n  and reduct ion i n  p r i c e  of  search work, f o r  
example i n  s p e c t r a l  a n a l y s i s ,  where frequent changes i n  f i l t e r  para
meters are r equ i r ed  ( s e l e c t i o n  o f  f i l t e r  with optimal parameters) o r  
where it i s  necessary t o  u s e  f i l t e r s  with frequency-time c h a r a c t e r i s t i c s  
which cannot be achieved i n  a c t u a l  systems with l o s s e s ,  e tc .  

The p r i n c i p a l  method of  numerical s p e c t r a l  a n a l y s i s  a t  t h e  present  
time i s  t h e  c a l c u l a t i o n  o f  t h e  Fourier  i n t e g r a l  [see (6.2.2)].  

Function f ( t )  i s  determined by readings a t  d i s c r e t e  moments i n  
t i m e ,  c a l c u l a t i o n  func t ion  S(w) i s  a l s o  produced d i s c r e t e .  In  o rde r  
t o  convert  analog q u a n t i t i e s  i n t o  d i g i t a l  q u a n t i t i e s  and back, s p e c i a l  
devices c a l l e d  "analog-digi ta l"  and "digital-analog" converters  have 
been developed ( see  Chapter 2 ) .  During time quan t i za t ion  o f  a s i g n a l ,  
i t  i s  assumed t h a t  i t s  spectrum i s  l imi t ed  by frequency f 0 '  In t h i s  

case, on t h e  b a s i s  o f  Kotel 'n ikov 's  theorem (1933), t h e  quan t i za t ion  
frequency can be determined from t h e  formula 

I n t e g r a l  (6.2.2),  consider ing t h e s e  condi t ions,  can be represented i n  
t h e  following form (Kharkevich, 1957) 

(6.2.5) 

where 

The c a l c u l a t i o n  o f  a sum with an i n f i n i t e  number o f  terms i s  /179 
impossible; t h e r e f o r e ,  as a r e s u l t  of l i m i t a t i o n  of  t h e  i n t e g r a t i o n  
l i m i t s  (or add i t ion  l i m i t s )  e r r o r s  ar ise ,  d e t a i l e d  a n a l y s i s  o f  which has 
been presented i n  t h e  l i t e r a t u r e  (Voloshin, 1964). 
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I n  conclusion, w e  must no te  t h a t  t h e  p roduc t iv i ty  o f  modern 
computers i n  many cases  is  i n s u f f i c i e n t ,  which hinders ,  f o r  example, t h e  
production of r e s u l t s  of s p e c t r a l  a n a l y s i s  o f  speech s i g n a l s  i n  r e a l  
time . 

S 6 . 3 .  Results of Experimental Modeling o f  Human Emotions 

We noted above (Chapter 2) t h a t  i n v e s t i g a t i o n  of  t h e  in tona t ion  
c h a r a c t e r i s t i c s  o f  speech i n  t h e  area o f  s p e c t r a l  parameters (o the r  
c h a r a c t e r i s t i c s  are no t  being analyzed a t  t h e  p re sen t  time) and t h e  
s e l e c t i o n  of experimental material, it was decided t o  use t h e  p r i n c i p l e  
o f  modeling of human emotions by a c t i n g  with subsequent t e s t i n g  ( c l a r 
i f i c a t i o n )  o f  t h e  speech in tona t ion  e s t ima tes  under a c t u a l  emotional 
s i t u a t i o n s .  

The processing o f  t h e  main material (300 pronunciations o f  words) 
was performed using a s p e c t r a l  analyzer  o f  t h e  Danish firm "Bruel Kjaer" 
with a l i n e a r  channel L having a pass band o f  20-40,000 Hz and a set  of  
one - th i rd  octave f i l t e r s  covering t h e  pass  band 40-40,000 H z .  We 
present  below t h e  f i l t e r  numbers N and t h e  corresponding mean tuning 
frequencies f ( i n  Hz). 

A magnetic t ape  recording ca r ry ing  t h e  words w a s  formed i n t o  a 
loop, during each r evo lu t ion  of which t h e  output ,  p ropor t iona l  t o  t h e  
s i g n a l  power i n  t h e  pass  band o f  t h e  f i l t e r  i n  quest ion,  was recorded. 
The r e s u l t s  of  t h e  a n a l y s i s  were recorded on paper using a s p e c i a l  
s p e c t r a l  analyzer s t r i p c h a r t  r eco rde r  with a dynamic range o f  50 (o r  
75) db. The measurement e r r o r  d i d  not exceed 0 . 3  (o r  0.5) db. The area 
o f  i n v e s t i g a t i o n  was l imi t ed  t o  frequency f = 1250 H z ,  s i n c e  t h e  pass 
band of  t h e  f i l t e r s  of  t h e  analyzer  being used was t o o  broad above t h i s  
frequency (Af > 300 Hz). Narrower band width f i l t e r s  are needed i n  
order  t o  s tudy t h e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  speech s i g n a l s  

I (Sopozhkov, 1963) . 
During t h e  process  of t h e  experiments, w e  analyzed t h e  behavior of  /180 

s p e c t r a l  peaks A1' A 2 (determined from t h e  output values  of  t h e  corre

sponding f i l t e r s )  i n  t h e  frequency areas o f  t h e  base tone  100-315 Hz and 
t h e  p o s i t i o n  o f  t h e  f irst  formant 315-1250 Hz. 
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With increas ing  emotional stress, r ega rd le s s  o f  t h e  na tu re  o f  t h e  
emotion i t se l f ,  w e  genera l ly  observe an incre.ase i n  middle f requencies  
f I and i n  most cases i n  t h e  energy o f t h e  s p e c t r a l  maxima ( i n  r e l a t i o n  

t o  t h e  energy.of  t h e  process  at t h e  output of  l i n e a r  f i l t e r  L ) .  We note  
t h a t  processing o f  t h e  experimental material showed t h a t  t h e r e  was less 
information t o  be gained from t h e  energy c h a r a c t e r i s t i c  o f  peak A1 (or  

A2) than t h e  d e f l e c t i o n s  i n  t h e  corresponding middle frequency from i t s  
value during q u i e t  speech. Since t h e  behavior of s p e c t r a l  peaks A1 and’  

A2 w a s  l a r g e l y  i d e n t i c a l  i n  our  experiments, w e  p resent  below the  

r e s u l t s  concerning pr imar i ly  t h e  inves t iga t ion  of  output  s i g n a l s  o f  t h e  
s p e c t r a l  ana lyzer  i n  t h e  frequency band 315-1250 Hz. 

A s  an estimate of  t h e  degree o f  emotional stress of t h e  t e s t  
sub jec t ,  we use  t h e  quan t i ty  M: 

( 6 . 3 . 6 )  

where P 2’ Pi,  P are the  powers of t h e  processes  a t  t h e  outputs  of  t h e  

2-th,  i - t h  and l i n e a r  L f i l t e r s  r e spec t ive ly ,  during t h e  t i m e  o f  ac t ion  
of  t h e  input  s i g n a l ;  f .  i s  t h e  frequency t o  which t h e  i - t h  f i l t e r  i s  

1 


tuned; C i s  t h e  p ropor t iona l i t y  c o e f f i c i e n t .  

This quan t i ty  allowed us  t o  determine t h e  p o s i t i o n  of  t h e  mean 
frequency f I  within t h e  l i m i t s  o f  t he  pass  band of  t h e  k- th  f i l t e r  
Iu > 11: 

( 6 . 3 . 7 )  

and t o  consider  t h e  inf luence o f  x changes i n  t h e  energy c h a r a c t e r i s t i c s  
of t h e  s p e c t r a l  m a x i m u m ,  determined pr imar i ly  f o r  t h e  s i t u a t i o n s  of  
formant s t r u c t u r e  of vowel sounds analyzed ( p a r t i c u l a r l y  p los ive  
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sounds) : 

x =  11lC 1 I', (6.3.8)-
r --I 

1' 

The p r o p o r t i o n a l i t y  c o e f f i c i e n t  C, cha rac t e r i z ing  t h e  weight of t h e  
sum following t h e  logarithm [see (6.3.6), (6.3.8)],  on t h e  b a s i s  o f  
experimental da t a ,  was s e l e c t e d  as l o 3  ( a rea  of a n a l y s i s  315-1250 H z ) .  /181 
On t h e  b a s i s  of prel iminary experimental processing (see a l s o  Shearme, 
1959), t h e  group o f  f i l t e r s  U was s e l e c t e d  at  a l e v e l  (2-4) db below t h e  
f i l t e r  with t h e  maximum mean power Pk ,max a t  t h e  output .  The value of  W 

i n  t hese  experiments was found from t h e  conditions 

and t h e  2-th f i l t e rs  (or  f i l t e r )  from s e t  U was determined, such t h a t  
t h e  value o f  t h e  cen t ro id  f I  [ see  (6.1.1)] was loca ted  between t h e i r  

adjustment f requencies  ( o r  w i th in  t h e  adjustment frequency where 
W = . U  = 1 ) .  The sum CP2 es t imated t h e  minimum energy (mean power) o f  

2 
t h e  s p e c t r a l  maximum consider ing i t s  expected width and t h e  cha rac t e r 
i s t ics  of t h e  f i l t e r  system o f  t h e  s p e c t r a l  analyzer ,  which had s l i g h t  
overlap i n  t h e  frequency range i n v e s t i g a t e d  ( i n  t h e  overwhelming 
ma jo r i ty  o f  cases U G 4) .  

The inc rease  i n  q u a n t i t y  M corresponded t o  an inc rease  i n  degree of  
emotional stress i n  80% o f  a l l  experiments performed with a c t o r s .  We 
note  t h a t  when t h e r e  were two s e p a r a t e  s p e c t r a l  peaks i n  t h e  frequency 
band being analyzed (with a gap of - (2 -4)  db r e l a t i v e  t o  t h e  g r e a t e r  of 
t h e  two) t h e  s i g n i f i c a n t  peak i s  t h a t  f o r  which est imate  f I  i s  g r e a t e r .  

The unsuccessful experimental r e s u l t s ,  i n  add i t ion  t o  t h e  low r e s o l u t i o n  
o f  t h e  a n a l y s i s ,  are explained p a r t i a l l y  by t h e  experience of  emotion
a l l y  colored s ta tes  during recording o f  t h e  background l e v e l ,  i . e . ,  when 
t h e  a c t o r s  imi t a t ed  q u i e t  s i t u a t i o n s ,  which was ind ica t ed  by e l e c t r o 
cardiographic  recordings.  Natural ly ,  t h i s  l e d  t o  disappearance of 
c h a r a c t e r i s t i c s  d e t e c t e d  i n  comparative ana lys i s .  Figures 72 and 73 
show t h e  s p e c t r a  (output s i g n a l s  i n  s p e c t r a l  ana lyze r  channels) of t h e  
expressions "Ya Almaz ' !  [I a m  Almaz]  and "Ponyal" [Roger] (pronounced 
by two a c t o r s ) ,  al lowing u s  t o  o b t a i n  some i d e a  o f  t h e  changes i n  t h e  
values o f  x,  f I  [see (6.3.7),  (6.3.8)] i n  var ious emotional s i t u a t i o n s :  
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Figure 72 shows A q u i e t ,  B triumph, C fear; on Figure 73 A is  
qu ie t ,  B i s  joy,  C is  alarm. 

Analysis  of  t h e  f i g u r e s  ind ica t e s  a considerable  incTease i n  t h e  
pu l se  frequency (above t h e  norm) under these  condi t ions of  emotional 
tens ion .  Recording o f  spec t r a  on paper was performed i n  logari thmic 
scale us ing  t h e  s t r i p c h a r t  recorder  descr ibed above. I n  order  t o  
i n v e s t i g a t e  t h e  behavior of t h e  speech s i g n a l  envelopes i n  several 
frequency bands and c l a r i f y  t h e  na ture  of changes i n  t h e  s p e c t r a l  
s t r u c t u r e ,  consider ing t h e  coarseness of  t h e  r e so lu t ion  o f  t h e  s p e c t r a l  
ana lyzer  with t h e  one- th i rd  octave f i l t e rs ,  some of t h e  ca l cu la t ions  
(90 pronunciat ions o f  words) were performed by type M-20 d i g i t a l  /.184-
d i g i t a l  computer (see 96 .2 )  a t  t h e  I n s t i t u t e  o f  Mathematics , Siber ian  
Aff i l ia te ,  Academy of  Sciences USSR1. 

A s  an example, F i g u r e  74 shows t h e  envelopes ca l cu la t ed  by machine 
f o r  instantaneous s p e c t r a  Q1 ( f )  , @ 2 ( f )  [during observat ion t i m e  (0-T) 

and (T-2T) r e spec t ive ly ]  and cur ren t  spec t r a  Q1-* ( t )  , @ ( f )  [observation 

t i m e  i n  t h e  f irst  case (0-2T) and i n  t h e  second case (0-Tc)] f o r  t h e  

word "Ponyal" i n  t h e  frequency area being inves t iga t ed  when spoken by an 
a c t o r  under c e r t a i n  condi t ions (see Chapter 2) f o r  t h e  s t a t e  o f  r e s t  
(see Figure 74 A) and joyous e x c i t a t i o n  (see Figure 74 B ) .  The 
frequency s t e p  o f  t h e  s p e c t r a l  readings was 25 H z .  The ana lys i s  
i n t e r v a l  T = 100 msec was determined by t h e  length of  t he  voiced (vowel) 
sounds, T from t h e  dura t ion  of r e a l i z a t i o n  o f  t h e  word (coordinate

C 
o r i g i n  at poin t  t = 0 ) .  I t  follows from ana lys i s  of t h e  graphs o f  @ ( f )  
t h a t  during emotional tens ion  t h e  s p e c t r a l  a reas  with var ious  degrees of  
energy concentrat ion (200-350, 375-675, 875-1050 Hz) were expanded 
( p a r t i c u l a r l y  375-675 Hz) and s h i f t e d  toward t h e  h igher  f requencies  
r e l a t i v e  t o  t h e  corresponding zones f o r  t h e  s t a t e  of  r e s t  (150-225, /185 
325-450, 475-625 Hz). However, i n  any of  t h e  s i t u a t i o n s  analyzed, t h e  
r e s u l t i n g  spectrum @(f) i s  a func t ion  o f  t h e  e n t i r e  r e a l i z a t i o n  
inves t iga t ed  [ see  Q1(f ) ,  Q 2 ( f ) ,  @ l - 2 ( f ) ] ,  t h e  width and frequency place

ment of t h e  a rea  (second) with g r e a t e s t  concent ra t ion  of  energy i n  both 
cases depend on t h e  na ture  of t h e  formant s t r u c t u r e  of t he  spectrum o f  
@ 1( f )  i n  t h e  frequency zone being analyzed, which i s  determined bas i c 

a l l y  by t h e  quas i - s t ab le  s e c t o r  of t h e  p l o s i v e  vowel sound, s ince  t h e  
dura t ion  o f  t h e  p los ive  "P" sound i s  s h o r t  i n  comparison t o  t h e  

--.. - . ..-.- -.. _ =  .__. .. ... -. _--
A The authors  express  t h e i r  deep g z i t u d e  t o  t h e  col leagues of t h e  
i n s t i t u t e  N. G .  Zagoruyko, G.  Ya. Voloshin, B .  M. Kurilov, V.  V. Vlasov, 
V. K. Lozovskiy, f o r  t h e i r  cooperation and he lp  i n  performing t h i s  p a r t  
of our work. 
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observat ion i n t e r v a l  T1. In  t h i s  sense,  composition of graphs of @,(f)  

( see  Figure 74 A and 74 B) al lows us  t o  perform d i f f e r e n t i a t i o n  o f  
s i t u a t i o n s  according t o  t h e  degree o f  emotional s t r e s s .  These s p e c i f i c s  
were a l s o  observed i n  experimental  modeling o f  nega t ive  emotions. 
Analysis of t h e  changes i n  t h e  s p e c t r a l  composition o f  vowel sounds for 
var ious  emotional s t a t e s  was n o t  performed sepa ra t e ly .  

The pre l iminary  r e s u l t s  of machine processing a l s o  showed t h a t  
c h a r a c t e r i s t i c s  r e l a t e d  t o  t h e  usage of t he  tnvelopes of t h e  speech 
s i g n a l  i n  c e r t a i n  frequency a reas  might be q u i t e  informative ( see  
Chapter 2 ) .  In  t h e  case  a t  hand, s p e c t r a l  r e s o l u t i o n  of  t he  process was 
achieved us ing  f i v e  s l i g h t l y  overlapping f i l t e r s ,  t h e  pass  bands of 
which were determined us ing  t h e  formula 

where N i s  t h e  o r d i n a l  number of  t h e  f i l t e r  (1 G N G 5 ) .  

Figure 74 

_ _: ..= .  . I . = = . _~._?_ - . -.= - - i i =. - ___

r-fisZZdiscuss ions  a r e  t r u e  f o r  any word- with a similar s p e c t r a l  
composition. 

187 




- -  

-- -- -- 

A f t e r  t h e  corresponding nonl inear  transforms, t h e  envelopes of 
s i g n a l  u,(t) were sepa ra t ed  i n  each o f  t h e  channels by an i n t e g r a t i n g  

f i l t e r  with a cu to f f  frequency fco = 25 Hz, which i n  t u r n  determined t h e  

quan t i za t ion  i n t e r v a l  T
9 

= [2fCo]-l for i npu t  of d a t a  t o  t h e  d i g i t a l  

machine . 
In order  t o  estimate t h e  degree and n a t u r e  o f  emotional stress, w e  

use t h e  q u a n t i t i e s  A ,  LI., Q :  

( 6 . 3 . 9 )  

An inc rease  i n  emotional s t r e s s  corresponded t o  a decrease i n  t h e  
sum X beneath i t s  value i n  t h e  s t a t e  of  res t ,  while subsequent 
d i f f e r e n t i a t i o n  o f  t h e  na tu re  o f  t h e  emotion was performed on t h e  b a s i s  
o f  comparison of  t h e  q u a n t i t i e s  u and Q. Where p > Q, negat ive emotions 
were recorded, while where LI < p o s i t i v e  emotions were noted. 

These r u l e s  were used t o  estimate t h e  s ta tes  o f  t es t  s u b j e c t s  i n  
experiments on experimental modeling of human emotions (see Chapter 2)  
by a c t o r s  ( t e n  speakers) .  Conditions were i m i t a t e d  causing t h e  
emotions o f  "fear" o r  I f joy" (pronouncing t h e  words "ponyal ,If "khorosho" 
[good]). Proper i d e n t i f i c a t i o n  o f  emotionally colored s t a t e s  was 
performed i n  37 o f  40 cases ,  while i n  two s i t u a t i o n s  (of those separ
ated)  t h e  s t a t e  o f  r r joyflwas confused with t h e  s t a t e  of  "fear" and i n  
two cases t h e  s t a t e  o f  "fear" was confused with t h e  s t a t e  of  trjoy.II The 
na tu re  o f  t h e  changes i n  t h e  speech s i g n a l  envelopes a t  t h e  outputs  o f  
t h e  five-channel analyzer  (word "khorosho") i s  shown on Figure 75 
(A "quiet ," B Itjoy," C "fear").  

I n  conclusion it should be noted t h a t  i n  o rde r  t o  es t imate  t h e  
r e l i a b i l i t y  of t h e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  speech in tona t ions  
descr ibed i n  t h i s  s e c t i o n ,  f u r t h e r  t e s t i n g  and c l a r i f i c a t i o n  o f  t h e  da t a  
produced us ing  broad s ta t i s t ica l  material, i nc lud ing  i n v e s t i g a t i o n s  
under a c t u a l  condi t ions,  are d e s i r a b l e .  I n  t h e  next s e c t i o n ,  we w i l l  
analyze problems o f  t h e  p r a c t i c a l  u t i l i z a t i o n  o f  c e r t a i n  r e s u l t s .  

/186 


188 




Figure 75 

56.4.  Prac t i ca l  Application o f  R e s u l t s  
of  Spectral  Evaluation o f  Speech inton
a t i o n  Charac t e r i s t i c s  

The method ou t l ined  above was used 
i n  combination with o t h e r  e lectrophysio
l o g i c a l  i n d i c a t o r s  f o r  a q u a l i t a t i v e  
evaluat ion o f  t h e  degree o f  emotional 
stress of  cosmonaut A .  A. Leonov during /187 
h i s  f l i g h t  i n t o  space ( the  f l i g h t  of  t h e  
Voskhod 2 spacec ra f t )  and t r a i n i n g  i n  
t h e  hea t  and p res su re  chamber. The 
r e s u l t s  of  r e s o l u t i o n  of h i s  speech 
s i g n a l  i n t o  a spectrum us ing  t h e  band pass  
s p e c t r a l  analyzer were inves t iga t ed .  

L e t  us analyze t h e  e r r o r s  r e l a t e d  
t o  app l i ca t ion  o f  t h e  method i n  t h e  
presence of  a d d i t i v e ,  s t a b l e  broad band 
no i se ,  s ince  t h e  f l i g h t  recordings of  t h e  
conversations of t h e  cosmonauts contain 
no i se .  Based on s p e c t r a l  r e s o l u t i o n  o f  
f l u c t u a t i o n s  i n  pauses between words, t h e  
no i se  spectrum can be approximately 
assumed even through t h e  band width of  
t h e  speech s i g n a l  analyzed. 

Processing o f  t h e  experimental 
m a t e r i a l  on t h e  band pass  

s p e c t r a l  analyzer  (see 96.3) showed t h a t  an important po r t ion  of t h e  informa
t i o n  concerning t h e  degree of  emotional s t r e s s  of  the t e s t  s u b j e c t  when t h i s  
method i s  used i s  included i n  changes i n  the  weighted mean frequency f I ;  

t h e r e f o r e ,  w e  analyze below t h e  approximate est imate  

Ti 

(6.4.10) 

which has less d i spe r s ion  than  t h e  q u a n t i t y  M [see (6.3.6)],  r e s u l t i n g  from 
f l u c t u a t i o n  no i se ,  and allows t h e  f i n a l  expressions t o  be s i m p l i f i e d .  

I t  follows from our  a n a l y s i s  o f  formula (6.4.9) t h a t  f I  i s  a funct ion o f  

t h e  v a r i a b l e s  PI, ...,Pu and, consequently,  t h e  c a l c u l a t i o n  e r r o r s  i n  f I  depend 

on t h e  measurement e r r o r s  of powers p 1' ...,PU a t  t h e  ou tpu t s  of  t h e  corresponding 
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s p e c t r a l  ana lyze r  f i l t e r s ,  a block 
which is  presented on Figure 76 (m 

Figure 76 

diagram of t h e  k - th  and m-th channels of 
= k + 	1; k - 1). The input  a c t i o n  y ( t )  i s  

an a d d i t i v e  mixture o f  t h e  speech 
s i g n a l  s ( t )  and t h e  f l u c t u a t i o n  n o i s e  
n ( t )  

1’ (2) =:: s (z) -1- I 2  (1 ) .  (6.4.11) 

Using t h e  r e s u l t s  o f  experiments 
and t h e  method of  i n v e s t i g a t i o n  o f  
t h e  speech s i g n a l ,  it can be assumed 
t h a t  one o f  t h e  determining f a c t o r s  
i n  t h e  evaluat ion of t h e  degree of  

emotional stress o f  t h e  ope ra to r  i n  t h i s  case i s  t h e  change i n  t h e  spectrum of 
vowel sounds, p a r t i c u l a r l y  p l o s i v e  vowels. Considering t h e  fact  t h a t  t h e  
per iod o f  o s c i l l a t i o n s  o f  t h e  base tone (T 4 10 msec, see  96.1) i s  much less 
than t h e  du ra t ion  T of t h e  quas i - s t ab le  s e t f o r  o f  t h e  voiced sound ( i n  

p a r t i c u l a r  a p l o s i v e  vowel), w e  w i l l  r ep resen t  t h e  speech s i g n a l  a t  t h e  output 
o f  t h e  s p e c t r a l  analyzer  i n  an i d e a l i z e d  form (SoDozhkov, 1963; Pokrovskiy, 
1962) : 

(6.4.12) 

where An’ ‘n are t h e  amplitude and phase o f  t h e  n- th  harmonic; wb t  i s  t h e  

angular  frequency of t h e  base tone.  

Expression (6.4.12) can be w r i t t e n  i n  combined form: 

(6.4.12 ’) 

where 
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We no te  t h a t  t h e  re la t ive e r r o r  i n  c a l c u l a t i o n  o f  t h e  c o r r e l a t i o n  funct ion of  
s i g n a l  (6.4.12) due t o  t h e  f i n i t e  a n a l y s i s  time T + 0 with inc reas ing  q u a n t i t y  
T and f o r  t h e  observat ion i n t e r v a l  T M 100-200 msec (Tbt G 10 msec) does not  

exceed a f e w  percent  (Voloshin, 1964). 

Process yk ( t ) [ ym ( t ) ] ,  produced as a r e s u l t  of passage o f  input  ac t ion  y ( t )  

(CP kthrough t h e  f i l t e r  system o f  t h e  analyzer  CPk m) ,  is  squared ay2( t )  = 

= z k ( t ) [ a y i ( t )  = z m ( t ) ]  and f u r t h e r  averaged over t i m e  T by t h e  low-frequency 

f i l t e r  LFFk (LFFm), t h e  p u l s e  t r a n s i e n t  c h a r a c t e r i s t i c  h ( t )  o f  which is  assumed 

even (see a l s o  54.2, 4.3) 

/ I .  ( t )  = 1/T.  (6.4.13) 

The output  s i g n a l  x k ( t ) [ x m ( t ) ]  i s  evaluated i n  t h i s  case by t h e  mean (over t h e  

i n t e g r a t i o n  time t = T) power of t h e  process i n  t h e  k-th (m-th) s p e c t r a l  
analyzer  channel. The operat ion of  comparison o f  e s t ima tes  x .

1
( t )  i n  t h e  

assigned s p e c t r a l  range i s  represented i n  Figure 76 a r b i t r a r i l y  by u n i t  P ( t h e  
block diagram i l l u s t r a t e s  t h e  case of only two channels f o r  s i m p l i c i t y :  k and 
m). The comparison s igna l  with th re sho ld  < ( t ) ,  cha rac t e r i z ing  t h e  change i n  /189 
s t a t e  o f  t h e  tes t  s u b j e c t ,  determines t h e  se t  o f  values x.

1 
( t )  which i s  then 

used f o r  c a l c u l a t i o n  of t h e  weighted mean frequency (see 9 6 . 3 ) .  

Since t h e  pass  band of  resonant system CPk (or  Qm) i s  much narrower than 

t h e  frequency band of t h e  input  no i se  n ( t ) ,  which has an even spectrum, t h e  
d i s t r i b u t i o n  of n o i s e  a t  t h e  outputs  o f  t h e  corresponding f i l t e r s  of t h e  
analyzer  w i l l  b e  considered approximately normal. 

Considering t h e  above, l e t  us w r i t e  t h e  expression f o r  t h e  c o r r e l a t i o n  
funct ion o f  process  z k ( t )  a t  t h e  output  of t h e  nonl inear  element of  t h e  k- th  

channel ( s i g n a l  and no i se  assumed independent) : 
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Here, for s i m p l i c i t y ,  we assume a = 1. Keeping i n  mind t h e  e q u a l i t y  for 
normally d i s t r i b u t e d  q u a n t i t i e s  

we introduce the  r ep resen ta t ion  

B,(T) = D' ( t )  . C ( t  -5); 2')( 1 )  = s:., 

and ob ta in  

(6.4.14) 

we f ind  

(6.4.15) 

where /190-~ 
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In t h e  general  case, t h e  t i m e  c o r r e l a t i o n  funct ion of  t h e  d e t e r m i n i s t i c  signal 
sk( t ) ,  ac t ing  where -m < t < 0 0 ,  is  determined by t h e  e q u a l i t y  

which, f o r  example, for a d e t e r m i n i s t i c  p e r i o d i c  process with per iod t can be  
w r i t t e n  i n  t h e  form P 

The time-averaged value of  mathematical expectat ion m* of  process z k ( t )  at  t h e  
'k 

output  of  t h e  k-th squaring device i s  determined from t h e  expression (a = 1):  

Expression (6.4.15), cha rac t e r i z ing  t h e  energy spectrum of  t h e  r e a c t i o n  o f  
t h e  non l inea r  element (4.2.25) t o  t h e  inpu t  a c t i o n  yk ( t ) ,  allows u s ,  using t h e  

known parameters of  t h e  i n t e g r a t i n g  f i l t e r  LFFk' t o  perform an est imate  o f  t h e  

spectrum a t  i t s  output  (4.2.2).  The f irst  two terms o f  formula (6.4.15) 
determine the  constant  component (sum of square o f  d i spe r s ions  of no i se  n ( t )  
and mean power o f  b e a t  between components of random and d e t e r m i n i s t i c  input 
a c t i o n  frequencies) ,  t h e  t h i r d  component corresponds t o  t h e  d i s c r e t e  spectrum 
(harmonics o f  b e a t s  of components of d e t e r m i n i s t i c  po r t ion  of p rocess ) ,  while 
t h e  fou r th  and f i f t h  terms de f ine  t h e  continuous po r t ion  o f  t h e  spectrum 
( r e s u l t  of bea t ing  between harmonics of d e t e r m i n i s t i c  and random components and 
components of random por t ion  o f  r e a c t i o n  yk ( t )  of f i l t e r  ak r e s p e c t i v e l y ) .  

Problems of t h e  c a l c u l a t i o n  of  t h e  c o r r e l a t i o n  funct ions o f  s i g n a l  s k ( t )  

and n o i s e  nk (t) i n  expression (6 .4 .15)  with f i x e d  input  a c t i o n  y ( t ) ,  parameters 
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of t h e  f i l t e r i n g  system of  t h e - a n a l y z e r  @k and squaring device of  t h e  k- th  

channel (see F i g u r e  76) are presented i n  d e t a i l  i n  t h e  l i t e r a t u r e  (Levin, 1966; 
Tikhonov, 1966). 

Calculat ion o f  t h e  sums of var ious combinations o f  components i n  t h e  t i m e  
c o r r e l a t i o n  funct ion B * ~ ( T )[see (6.4.15)] i n  t h e  case of de t e rmin i s t i c  /191-S 

per iod ic  s igna l  with per iod  T0 i s  presented i n  Appendix 4. We note  t h a t  

process  sk ( t )  a t  t h e  output  of t h e  k- th  f i l t e r  of t h e  ana lyzer  is  represented 

i n  t h e  form [see (6.4.12 ' ) ]  

where 

where Hk(jnwbt) i s  t h e  t r a n s f e r  funct ion of t h e  k- th  f i l t e r .  

For  r e a l  func t ions  of t i m e ,  equa l i t y  (6.4.17) is  equivalent  t o  t h e  
expression 

(6.4.18) 

Analogous d iscuss ions  can be performed i n  es t imat ing t h e  mutual energy spectrum 
of responses z k ( t )  and zm( t )  of t h e  nonl inear  elements i n  t h e  k- th  and m-th 

channels, which are charac te r ized  i n  t h e  general  case by t h e  time-averaged 
mutual c o r r e l a t i o n  funct ions BX (T) and-B; ( T )  (Levin, 1966): 

k m  m k  
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where 

The mathematical expectat ion m (T) ,  t h e  d i spe r s ion  o2 (T) and t h e  second 
Xk Xk 

mixed moment B x x  (T) correspond t o  t h e  outputs  of i n t e g r a t i n g  f i l t e rs  LFFk'k m  
LFF, o f  t h e  analyzer  a t  moment i n  time t = T are determined on t h e  b a s i s  of  

formulas (4.2.8), (4.2.13) and (4.3.95):  

(6.4.20) 

Process zk ( t )  i s  unstable;  t h e r e f o r e ,  mathematical expectat ion zk ( t )  = m ( t )  
'k 

cannot be removed from t h e  i n t e g r a l  s i g n  (6.4.20). 

In  many cases ,  i n  o rde r  t o  compress t h e  dynamic range, t h e  operat ion of 
i n t e g r a t i o n  o f  process z k ( t )  i s  followed by  logari thmic transform 5k ( t ) :  

Since i n  t h e  case a t  hand, s t r i c t  s o l u t i o n  of t h e  problem o f  f ind ing  t h e  
required c h a r a c t e r i s t i c s  o f  func t ion  5k ( t  = T) and t h e  second mixed moment 

B (T) r equ i r e s  r a t h e r  complex c a l c u l a t i o n s ,  assuming a t  t h e  output of t h e  
'k'm 

i n t e g r a t o r  m (T) 3- ax ( T ) ,  w e  can use t h e  approximate expressions 
Xk k 
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-R'p (7') - T$;(2')E.. (2') = log Xk (7') + log r4 -1- . - - - - .  --I:--- N log <LA'(7') + 
-,. q.('I.) 

allowing us  t o  s impl i fy  t h e  requi red  ca l cu la t ions  and produce r a t h e r  satis
fac to ry  p r a c t i c a l  r e s u l t s  (Smirnov, Dunin-Barkovskiy, 1965). 

On t h e  b a s i s  o f  (6.4.23),  t h e  d ispers ion  o2 (T) and mathematical 
'k 

expectat ion m 
S 

(T) of t h e  logari thmic func t ion  5k (T) are equal t o  
k 

(6.4.24) 

(6.4.25) 

and t h e  na ture  of  i t s  d i s t r i b u t i o n  i s  determined by t h e  d i s t r i b u t i o n  of t h e  
centered random quan t i ty  cik (T) : 

ah.( T )= 
xh' ( T )-2'h ( T )  

(6.4.26)x m * 

The second mixed moment B (T) a f t e r  logari thmic t ransformation o f  t he  
'k 'm 

ac t ions  xk(T), xm (T) i s  e a s i l y  expressed through t h e  corresponding charac te r 

i s t ics  (6.4.20), (6.4.22) of  t h e  outputs  of t h e  i n t e g r a t o r s  [ see  a l s o  (6.4.23),  /193 
(6.4.24)]: 

(6.4.27) 

Let us  analyze f u r t h e r  t h e  problems r e l a t e d  t o  e r r o r s  i n  measurement o f  
t h e  weighted mean frequency f I  due t o  f l u c t u a t i o n  noise .  Assuming i n  our case 

( in t eg ra t ion  t i m e  T much g r e a t e r  than c o r r e l a t i o n  i n t e r v a l  of no ise  Tcor) t h e  

masses o f  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  (X 1' ...,xU) are concentrated p r imar i ly  i n  
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-- 

(6.4.28) 

by the l inear terms o f  i t s  expansion into a Taylor series about the point A 
Ex, (T) ...xu (T) ] (see 54.3) 

- .  (6.4.29) 

The mathematical expectation m ET) and dispersion o2 (T) o f  centroid f I (T)  can 
fI fI 

b e  found on the basis o f  the expressions 

(6.4.30) 
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where [see (6.4.28)] /194 

Thus; formulas (6.4.30),  (6.4.31) a l low us  t o  c a l c u l a t e ,  under t h e  
condi t ions o u t l i n e d  above, t h e  mathematical expectat ion and t h e  d i spe r s ion  o f  
t h e  weighted mean frequency f I  on t h e  b a s i s  of  t h e  c h a r a c t e r i s t i c s  (6.4.20)' 
(6.4.22) (output va lues  xi(T) of  i n t e g r a t i n g  f i l t e r s  l f f i ) .  We no te  t h a t  with 

normally d i s t r i b u t e d  arguments x l ,  ...,xu (Slepian, 1958), i t  can be considered 

t h a t  t h e  d i s t r i b u t i o n  d e n s i t y  o f  t h e  p r o b a b i l i t y  o f  func t ion  (6.4.29),  a l i n e a r  
combination of random v a r i a b l e s  x l ,  ...,xU' i s  a l s o  normal. Since i n  t h e  

p r a c t i c a l  problem which we a r e  analyzing t h e  frequency c h a r a c t e r i s t i c s  of t h e  
s p e c t r a l  analyzer  f i l t e r s  are approximately assumed weakly overlapping (and 
r ec t angu la r ) ,  w e  produce [see (6.4.22)] 

and formula (6.4.31) i s  w r i t t e n  i n  t h e  form 

(6.4.32) 

Expression (6.4.21) can be  represented as fol lows:  

where 
[see (6.4.14), where t = t 1' - -r = t 1 - t2; a = 11 
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- - 

Considering equation (6.4.18) f o r  s i g n a l  s k ( t )  i n  t h e  k - th  channel ( t h e  /195-
constant  component i n  t h e  frequency band inves t iga t ed  i s  equal t o  ze ro ) ,  and 
keeping i n  mind t h e  gene ra l - expres s ion  for t h e  c o r r e l a t i o n  funct ion of  n o i s e  
Bn ( t l  - t 2 )  [ s ee  (4.3.80)] 

k 

a t  t h e  output of t h e  narrow band f i l t e r  with frequency c h a r a c t e r i s t i c s  
symmetrical r e l a t i v e  t o  t h e  resonant frequency wk, we produce, when t h e  

following i n e q u a l i t y  i s  f u l f i l l e d  

where AFi i s  t h e  pass  band of  t h e  i n t e g r a t i n g  f i l t e r  (4.2.28), meaning 

sepa ra t ion  by t h e  i n t e g r a t o r  of a band o f  frequencies adjacent  t o  w = 0 [ see  
(6.4.15); 54.21, an approximate r e l a t i o n s h i p  f o r  t h e  d i s p e r s i o n  o2 (T) ( t he  

Xk 
upper es t imate  w e  produce i s  wk = nub t '  - 1 < n < 2) 

5;. ( 7 ' )  T' \iJ/ ( Y ' . .  11, T )  I( ( 7 ' - . - I . :  7 ) ) I I:';, 1; ,I ( 1 ,  - f.2) + 
/; . a  

I, 

- 1 - / : , L I ; o  ( I , .  I , )  c;.,,,I d l l t i I 2 ,  (6.4.34) 

where t h e  integrand uses  t h e  video terms of t h e  expansion 
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The o the r  copponents, a r i s i n g  due t o  bea t ing  o f  t h e  s i g n a l  and noise ,  are not  
analyzed, s ince  t h e i r  cont r ibu t ion  t o  t h e  output  effect  of  t h e  i n t e g r a t i n g  
f i l t e r  i n  t h i s  case i s  i n s i g n i f i c a n t .  Performing i n  (6.4.34) replacement of  
va r i ab le s  T = t 

1 
- t2; t2 = t and consider ing t h a t  AFi A f k ,  where A f  k i s  t h e  

pass  band of t h e  k- th  f i l t e r ,  w e  produce [see (4.2.15);  (4.2.30);  (4.2.55); 
(4.3. go)] 

(6.4.35) 


On t h e  b a s i s  o f  s i m i l a r  considerat ions,  formula (6.4.20) i s  represented i n  /196 
the  form 

(6.4.36) 

w e  note  t h a t  t h e  l i m i t s  o f  summation of s i g n a l  components a re  determined f o r  
t h e  given input  process s ( t )  by t h e  t r a n s f e r  c h a r a c t e r i s t i c  o f  t h e  k- th  f i l t e r  
Hk(jnwbt) [see (6.4.17)].  From t h i s  po in t  of  view, .the sum 

L 
n=1 2 
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cha rac t e r i zes  t h e  power o f  t h e  s i g n a l  P a t  t h e  output  of  t h e  k- th  channel o f  
'k 

t h e  s p e c t r a l  analyzer .  

The mathematical expec ta t ion  o f  q u a n t i t y  f I (T) 

where 

G'? 

1 !.--
I'2 

n ;  

i 
: '1 --.coll it, i s  equal t o  [see (6.4.10) ,  P .1 = P S i 

3 

(6 .4 .37 ' )  

In t h e  case of  d i f f e r e n t  s igna l -no i se  r a t i o s  i n  t h e  f i l t e r s  of t h e  ana lyzer  

e q u a l i t y  (6.4.37') i s  f u l f i l l e d  approximately,  more accu ra t e ly ,  t h e  s t ronge r  
t h e  i n e q u a l i t y  

/197S u b s t i t u t i n g  t h e  value of  t h e  c o r r e l a t i o n  func t ion  Bn ,(T) of  low-frequency 
k 

f l u c t u a t i o n s  with s p e c t r a l  d e n s i t y  2N0 even i n  t h e  band Auk i n t o  

i n t e g r a l  ( 6 . 4 . 3 5 )  [ see  (4.2.25)] 
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w e  produce 

( 6 . 4 . 3 8 )  

Let u s  transform expression ( 6 . 4 . 3 2 ) ,  consider ing ( 6 . 4 . 3 8 )  and ( 6 . 4 . 3 6 ) :  

where, as was already noted, C .  
1 ,n

/ 2  i s  t h e  output  harmonic of  t h e  s igna l  of t h e  
i - t h  f i l t e r ,  t h e  number n o f  which depends on t h e  value o f  t h e  resonant 
frequency .of t h e  i - t h  channel o f  t h e  analyzer  w 

i and i s  determined from t h e  
condi t ion nw

b t  
= w 

i ' 
Analysis o f  formula ( 6 . 4 . 3 9 )  i n d i c a t e s  t h a t  with o the r 

wise unchanged condi t ions,  d i spe r s ion  o2 (T) decreases  with inc reas ing  r a t i o  o f  
f I  

t h e  s igna l -no i se  va lue  P s,/ 0 2  a t  t h e  outputs  o f  t h e  i n t e g r a t o r s  ( I f f ) .n, 
Assuming f u r t h e r  t o  produce a t o p  estimate wi th in  t h e  l i m i t s  o f  t h e  inves t 
i g a t e d  U-group of f i l t e rs  
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(6.4.40) 

we w r i t e  equation (6.4.39) i n  t h e  form /I98-

(6.4.41) 

If t h e  energy bands A f i  of t h e  f i l t e r s  (Pi o f  t h e  analyzer  a r e  expanded as t h e  

resonant f requencies  f i are increased ( fo r  example, t h i rd -oc tave  f i l t e r s )  i n  

proport ion t o  a c e r t a i n  c o e f f i c i e n t  d > 1 (Afid = Afi+l) and t h e  input 

n o i s e  spectrum n ( t )  i s  even, t h e  power of f l u c t u a t i o n s  o2 can be representedn i 

i n  t h e  form 

In  t h i s  case,  using t h e  formula f o r  t h e  sum s n o f  n terms of  t h e  geometr ical ly  

inc reas ing  progression dl,d2, ...,dn 

(6.4.42) 

and, consequent l y  , 
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(6.4.43) 


Selec t ing ,  on t h e  b a s i s  of t h e  condi t ions o f  t h e  experiment [see 56.3; 6.41 

B = 3; E = 690 l/sec; d = 1.24; T = 200*10-3 sec ,  w e  produce an upper estimate 

f o r  t h e  mean square  va lues  o f  t h e  quan t i ty  f I (T;!: 


Formula (6.4.43) is  not  co r rec t  f o r  determinat ion of  t h e  formant a r e a  of  a /195 
~

speech s igna l  w i th in  t h e  l i m i t s  o f  t h e  i - t h  f i l t e r  (U = l ) ,  s i n c e  i n  t h i s  case  
f I (T)  = f i  [ see  (6.4.30)], and t h e  c o e f f i c i e n t s  o f  t h e  expansion i n t o  a Taylor 

s e r i e s  (6.4.29) f o r  func t ion  fI(T)  become equal t o  zero ( f i  - f I (T)  = 0) .  In 

t h i s  case,  we can use ,  f o r  example, t h e  assumption of  even d i s t r i b u t i o n  of 
values  of  t h e  cen t ro id  wi th in  t h e  l i m i t s  o f  t h e  pass  band of t h e  f i l t e r  Awi ,  and 
consider  

Measuring t h e  power of no i se  a t  t h e  outputs  of  t h e  i n t e g r a t i n g  f i l t e r s  i n  t h e  
pauses between words (which was poss ib l e  i n  t h e  experiments performed), we can 
improve the  e s t ima te  of t h e  weighted mean frequency f I t o  some ex ten t .  

Representing t h e  output  e f f e c t  of t h e  k- th  i n t e g r a t o r  i n  t h e  absence of a speech 
s i g n a l  as x '  k ( T ) ,  we can represent  equat ion (6.4.28) i n  t h e  form 

1'- I 

On t h e  b a s i s  o f  t h e  formulas [ (6 .4 .29) ,  (6.4.30), (6 .4 .32) ,  (6.4.36)], t h e  
mathematical expec ta t ion  and d i spe r s ion  o f  t h e  q u a n t i t y  f;(T) a r e  determined by 

t h e  expressions 
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(6.4.44) 

where 

-.... .._ 
-s;:(7')  ---Il'>!; 

Analysis of equat ions (6.4.44) ind ica t e s  t h a t  t h e  mathematical expec ta t ion  
o f  t h e  es t imate  of t h e  weighted mean frequency with no i se  f;(T) i s  equal  t o  t h e  

value of  cen t ro id  f I without f l u c t u a t i o n  no i se  and i s  independent of t h e  

s igna l /no i se  r a t i o  [see (6.4.37);  (6 .4 .37 ' ) ] ,  i . e .  t h i s  estimate is  unbiased. 
Keeping i n  mind t h e  p o s s i b i l i t y  of  r a t h e r  long ( T I ) ,  t h e  measurement of no i se  /zoopower i n  pauses between words (TI 2- Tcor '  - cr2 3 ox, where Ps / c r i  + 0 ) ,  w e  x i i i  
wri te ,  on t h e  b a s i s  o f  t h e  theorem of d i spe r s ion  o f  a l i n e a r  combination of 
random independent q u a n t i t i e s ,  

(6.4.45) 

from which, consider ing t h e  f a c t o r s  presented above i n  concluding formulas 
(6.4.43) , we produce [see (6.4.44)] 

(6.4.46) 

where 

(6.4.47) 
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-- 

In order  t o  select t h e  output  values  xk(T) (or  x;(T)) of t h e  group of 

f i l t e r s  U according t o  some threshold  c r i t e r i o n ,  requi red  i n  ca l cu la t ing  t h e  
weighted mean frequency (see § 6 . 3 ) ,  we used an approximate method f o r  
c a l c u l a t i n g  t h e  d i spe r s ion  o f  t h e  mixture o2 (T) i n  t h e  analyzer  channels,  

Xk 
s ince  t h e  value of t h e  s igna l /no ise  r a t i o  included i n  equation (6.4.38) i s  
genera l ly  unknown. From our ana lys i s ,  es t imat ing  t h e  re la t ive  e r r o r  6 (T) i n  

"k 
expression [see (6.4.36) , (6.4.38)] 

(6.4.48) 

it follows t h a t  6 (T) changes monotonously wi th in  t h e  range 
Xk 

with simultaneous change i n  B wi th in  t h e  l i m i t s  (AfkT f i x e d ) ,  03 > B 2 0. 

Measuring f u r t h e r  t h e  power of  t h e  mixture of s i g n a l  and noise  at  t h e  /201-
output of t h e  l i n e a r  f i l t e r  ( i n  the  frequency band OF = 5 kHz), we produce 
f o r  t h e  re la t ive  e r r o r  6(T)  [see (6.4.48)] 

.I' ('7') 

t he re fo re  i n  t h e  f i rs t  approximation w e  can consider  a c e r t a i n  measure x(T)  
equal t o  t h e  mathematical expectat ion of t h e  process  a t  t h e  output of t h e  
i n t e g r a t o r  

where P 
S 

and a2 are the  powers of  s igna l  and noise  a t  t h e  input  of  t h e  n 
s p e c t r a l  analyzer .  S imi la r  discussions remain co r rec t  a l s o  fo r  measurement 
over t i m e  T' > T o f  t h e  power o f  noise  pass ing  through a l i n e a r  (o r  any o ther )  
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f i l t e r  of t h e  analyzer:  

We no te  t h a t  i n  comparing t h e  ca l cu la t ed  value of  q u a n t i t y  f I (T)  or f;(T) 

with i t s  mathematical expectat ion,  w e  can a l s o  consider  c e r t a i n  facts 
concerning t h e  smallness o f  t h e  re la t ive  e r r o r  o f  measurement. (6.4.43’).  On 
t h e  b a s i s  of experiments performed ear l ie r  (with no no i se ,  see §6.3) f o r  t h e  
words analyzed, w e  foundthat  t h e  power of t h e  s i g n a l  i n  t h e  j - t h  f i l t e r  ( i n  
t h i s  case t h e  s p e c t r a l  analyzer  channel with maximum output w i th in  t h e  l i m i t s  
o f  t h e  frequency band inves t iga t ed )  i s  cha rac t e r i zed  by i n e q u a l i t y  

Ps < 0.5  Ps,  s o  t h a t ,  keeping i n  mind t h e  considerat ions presented above, w e  
j

produce 

(6.4.49) 

U 

Thus, assuming 2 Psi -- U 
1’
$ 
I 

and knowing t h e  measured values  o f  
i - 1  

cr2 n ...cr: ...02 nU 
, w e  can produce maximum est imates  of  cr2

X 
.. .o$ 

j 
.. . c r 2  [see 

1 j 1 % 
(6.4.38)] with known parameters A f  1...A f  j ...A f  U and observat ion t i m e  T .  Since 

t h e  random q u a n t i t i e s  xi(T) and x’  i (T) have normal d i s t r i b u t i o n  i n  t h e  f i r s t  

approximation, t h e i r  d i f f e r e n c e  x;(T) = xi(T) - x t i ( T ) ,  l i k e  any l i n e a r  

combination o f  such q u a n t i t i e s ,  i s  a l s o  d i s t r i b u t e d  normally with d i spe r s ion  
cr2 (T) [see (6.4.45)] .  Further ,  we analyzed t h e  r a t i o  q

a , j  
f o r  each p a i r  of 

X i 
channe 1s with numbers 

j ,  a .=- ( j  - IZ), . . ., ( j  -1). ( i -1- l),. . ., ( i  -I- 11); 

where /202  

b i s  t h e  th re sho ld  c o e f f i c i e n t ,  corresponding i n  t h e  case a t  hand t o  a 
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-- 

decrease by 2-4 db o f  t h e  reading of t h e  j - t h  channel, b 0.4; b2a$ (T) is  
j

t h e  d i spe r s ion  o f  random q u a n t i t y  bx?(T) .
3 

In  t e s t i n g  t h e  zero ( threshold)  hypothesis ,  i f  x;(T) = bx?(T), t h e  modulus 
J 

o f  t h e  normally d i s t r i b u t e d  r a t i o  q, 
, j  

with p r o b a b i l i t y  1 - 2B does no t  exceed 

t h e  boundary t
B 

( i n  our experiments, tB= 2.58; 2B = 0.01); t 
B 

> ) q  
~ Y J. { .  I n  

t h e  case lqa 
,j 

I > tB,w e  assume, as we know, t h e  hypothesis  

and t h e  zero hypothesis  i s  negated; t h e r e f o r e ,  q u a n t i t y  U ,  est imat ing t h e  
number o f  channels o f  t h e  analyzer ,  f o r  which t h e  hypothesis ( t h a t  t h e  
th re sho ld  i s  exceeded) i s  c o r r e c t  

xi ( Y ' )  >> /,.e; ( T )  

i s  determined by t h e  equation 

In conclusion, be fo re  going over  t o  t h e  r e s u l t s  o f  our experiments, l e t  us 
analyze c e r t a i n  problems o f  es t imat ion o f  t h e  p r e c i s i o n  o f  t h e  method of  
l i n e a r i z a t i o n  i n  c a l c u l a t i n g  t h e  d i spe r s ion  and mathematical expectat ion.  
Retaining f o r  t h i s  t h e  f i rs t  t h r e e  terms of t h e  expansion of funct ion f I (T) 

[see (6.4.28)] i n t o  a Taylor s e r i e s  about t h e  po in t  A [xl(T).  ..x,,(T)] 
c' 

w e  produce t h e  independent, normally d i s t r i b u t e d  q u a n t i t i e s  x.(T) /203-1 
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(6.4.51) 


where, as before ,  a f te r  c a l c u l a t i o n  o f  t h e  d e r i v a t i v e s  o f  t h e  func t ion  
$(x1,x2, ...,xN),  t h e  v a r i a b l e s  should be  replaced by t h e i r  mathematical 

expectat  ions 

L e t  us determine t h e  c o e f f i c i e n t s  included i n  expressions [(6.4.51),  (6.4.52)] 

L7 U 
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(6.4.54) 


(6.4.55) 

Subs t i t u t ing  t h e  va lues  o f  t h e  c o e f f i c i e n t s  which w e  have found (6.4.53),  
(6.4.54), i n t o  equations (6.4.51) and (6.4.52) consider ing (6.4.32), we 
produce IT 

6.4.56) 

(6.4.57) 

Let us use  t h e  method f o r  production o f  boundary formula (6.4.43) t o  
es t imate  expressions (6.4.56),  (6.4.57),  providing t h e  maximum estimate [see 
(6.4.38), (6.4.40), (6.4.42)]. We note  t h a t  t h e  second term i n  equation 
(6.4.56) may be equal t o  zero,  negat ive o r  p o s i t i v e ,  which i s  determined by 

Xthe  r e l a t i o n s h i p  between t h e  r e s u l t i n g  sums f o r  d i spers ions  o2 (T) and t h e  
i 

tuning frequencies  of t h e  corresponding analyzer  channels f i ,  loca ted  t o  t h e  

l e f t  and r i g h t  of quan t i ty  f' I (T) ; t he re fo re ,  

(6.4.58) 
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where f t  I (T) c h a r a c t e r i z e s  t h e  mathematical expectat ion o f  func t ion  f I  (T) as 
it i s  expanded i n t o  a Taylor s e r i e s ,  r e t a i n i n g  t h e  f irst  two terms of 
( 6 . 4 . 3 0 ) .  L e t  us analyze s e p a r a t e l y  the  second and t h i r d  components o f  
expression (6.4.57). Assuming 

we w r i t e  /205 

u 

(6.4.59) 
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Considering (6.4.38), (6.4.591, (6.4.60), l e t  us  r ep resen t  (6.4.57) f o r  a /206
maximum es t ima te  i n  t h e  form 

and f i n a l l y  produce 

where [ o f  f I  
(T)12 c h a r a c t e r i z e s  t h e  d i spe r s ion  of  func t ion  f 

I 
(T) when expanded 

i n t o  a Taylor s e r i e s  r e t a i n i n g  t h e  f irst  two terms [see  (6.4.43)] .  

Calcu la t ions  using formulas (6.4.58), (6.4.61) a l low us t o  perform an 
es t imate  o f  t h e  accuracy of t h e  method o f  l i n e a r i z a t i o n  when c a l c u l a t i n g  t h e  
mathematical expec ta t ion  and d i spe r s ion  of  t h e  func t ion  f I ( T ) :  

The r e s u l t s  presented  above (see  a l s o  56.3) were used toge the r  w i - i t i  t h e  
e l ec t rophys io log ica l  i n d i c a t o r s  f o r  a p r a c t i c a l  es t imate  of t h e  degree of  
emotional s t r e s s  of  cosmonaut A.  A. Leonov as hc performed h i s  space walk .  
Figure 77 presen t s  t h e  s p e c t r a  (output va lues  of ana lyze r  channel i n t e g r a t o r s )  
of  t h e  phrase inves t iga t ed ,  "Ya Almaz" [I am Almaz], pronounced by 
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A. A .  Leonov during t h e  e x i t  s t age  ( the  cosmonaut was loca ted  on t h e  r i m  o f  
t h e  hatch i n  t h e  pressure chamber) during the  f l i g h t  (Figure 77 A) and during 
prel iminary t r a i n i n g  i n  the ' tempera ture  and pressure  chamber TPC (Figure 77 
B). The outputs  of t h e  s p e c t r a l  analyzer  i n t e g r a t o r s  were recorded on paper 
using a logari thmic s t r i p c h a r t  recorder  manufactured by t h e  "Bruel K j  aer" 
firm. The spectrum o f  t h e  s igna l ,  as can be  seen from Figure 77 (see a l s o  
Figure 72) i s  charac te r ized  by r a t h e r  clear formant maxima, loca ted  i n  t h e  
area o f  frequency ana lys i s  (see 56.3). 

db 

d b  
35 I 

e x i t  8)  

Figure 77 

The graphs of  change i n  r a t i o  ck 

where CfI(T)lk; max ( f I ( T ) )  are t h e  value of t h e  func t ion  fI(T)  a t  t h e  k-th 

observat ion i n t e r v a l  and i t s  maximum value during t h e  time o f  the  f l i g h t  and /207 
t r a i n i n g  i n  t h e  TPC r e spec t ive ly ,  and t h e  frequency o f  ca rd iac  cont rac t ions  
fc,k @umber of  beats per  minute) during t h e  s tages  i n  t h e  f l i g h t  and 

t r a i n i n g  i n  t h e  TPC: 1 i s  prepara t ion  f o r  t h e  launch, 2 is .1 min before  
launch, 3 is  t h e  a c t i v e . f l i g h t  s e c t o r ,  4 i s  prepara t ion  f o r  t h e  space walk, 
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5 i s  e x i t  (on t h e  r i m  of  t h e  hatch of t h e  a i r l o c k  AL), 6 is  t h e  space walk,  
7 i s  r e t u r n  (AL hatch closed)  are shown on Figure 78 .  

J C A  ~,
120 

f00 
90 
BO 
70 

60 

50 

F1 i q h t  0TPC 

1 2 3 4 5 6 7 

On t h e  b a s i s  o f  t h e  exper
imental  r e s u l t s  of  modeling o f  
emotions by a c t o r s ,  and ana lys i s  o f  
t h e  c h a r a c t e r i s t i c s  ;f c, k ,  w e  can 

draw t h e  fol lowing conclusions.  
Under t h e  TPC cond i t ions ,  t h e  t e s t s  
a r e  performed aga ins t  a background 
o f  comparatively s t a b l e  emotional 
s t a t e  with an  inc rease  i n  emotions 
only a t  t h e  moment t h e  hatch o f  t h e  
a i r l o c k  i s  opened ("exi t") ,  
i nd ica t ed  by the  behavior of t h e  
r e l a t i v e  quan t i ty  Ek '  In  con t r a s t  

t o  t h e  TPC, t h e  l e v e l  of  emotional 
stress during f l i g h t  i s  h igher ,  
with sharp  f l u c t u a t i o n s  a t  var ious 
observa t ion  i n t e r v a l s .  The maximum 
values  of E k correspond t o  t h e  

s t a g e s  "1 min before  e x i t "  and 
t l e x i t l l  (Ek = 1; 

max { f I (T)}  = max { f I (T)}  = 
= 700 Hz) ,  h igher  s t r e s s  being 
noted i n  t h e  second case .  The 
decrease  of Ek during the  s t ages  

"ac t ive  sec to r "  and "preparat ion t o  
e x i t "  i n  comparison with t h e  

t 
o r  t h z "1 min ready" s t a g e  might i n d i c a t e
-I V.- V .-0 

t a  I W  a decrease i n  t h e  degree of  
J - J S  a , L c l J - J o  E m= >..'2 y;.-tt:2 zm r  emotional s t r e s s ,  which, however, 
a E m V U a  .: _ m * - u J - J u  m a , + J O : ;  V - I  s t i l l  remains h igher  than i n  t h e  
a, I a a v ,  a, I x.Em 3 -IS% TPC.
L O C I  L O L r l L  a m 
L L r  Qv, I O  

s a,
- n  v A s  t h e  launch approaches, t h e  /208 

pu l se  frequency inc reases  cont in
u a l l y .  One minute before  t h e  

Figure 78 launch, t h e  pu l se  exceeds t h e  
corresponding va lue  i n  t h e  TPC by 
20-30 b e a t s  p e r  minute. This is  

explained by t h e  g r e a t  emotional background ("prelaunch s t a t e " )  i n  t h e  r e a l  
s i t u a t i o n .  During t h e  "ac t ive  sec to r "  s t a g e ,  t h e  pu l se  frequency reaches 
110 bea t s  p e r  minute, i n d i c a t i n g  t h e  a d d i t i o n a l  e f f e c t  o f  a c c e l e r a t i o n  aga ins t  
t h e  background of  comparatively high emotional stress (see  change i n  E ~ ) .  A t  

t h e  same time, i n  t h e  TPC t h e  pu l se  d id  not  exceed t h e  normal va lues .  During 
t h e  s t a g e  o f  "preparat ion f o r  e x i t "  t h e  pu l se  frequency decreases  i n  f l i g h t  t o  /209 
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85 bea t s  pe r  minute, while  i n  t h e  TPC it reaches 100 bea t s  pe r  minute. This 
r e s u l t s  from t h e  cons iderable  phys i ca l  loading under condi t ions o f  t e r r e s t r i a l  
g r a v i t a t i o n .  The work of Leonov i n  t h e  TPC during t h e  p repa ra t ion  t o  e x i t  and 
r e t u r n  through t h e  a i r lock  was est imated as d i f f i c u l t ,  with a working time 
dens i ty  of  30%. I t  is  dur ing  t h e s e  s t ages  t h a t  we note  a sharp inc rease  i n  
t h e  pulse  frequency and t h e  number o f  r e s p i r a t o r y  cyc les  p e r  minute. I n  
f l i g h t ,  t h e  phys ica l  e f f o r t  i n  t h e s e  s t ages  was comparatively low due t o  t h e  
compensation o f  t h e  f o r c e  o f  g rav i ty .  During t h e  "exi t"  s t age ,  and t h e  
"space walk" s t a g e  i n  f l i g h t ,  we see t h e  g r e a t e s t  i nc rease  i n  pu l se  frequency 
(130-150 bea t s  p e r  minute) .  I n  t h e  TPC during t h e s e  s t a g e s ,  t h e  pu l se  
frequency was normal. 

Analysis of  t h e  graph o f  f 
c ,k  

shows t h a t  both phys ica l  and emotional 

s t r e s s  cause an inc rease  i n  t h e  pu l se  frequency. A s  y e t ,  it i s  not  poss ib l e  
t o  d i f f e r e n t i a t e  t h e  reason and na tu re  o f  s t r e s s  from t h e  d a t a  of vege ta t ive  
r eac t ions  (pulse ,  r e s p i r a t i o n ,  e t c . ) .  Combined i n v e s t i g a t i o n  of  t h e  char
a c t e r i s t i c s  and f 

c ,k  
w i l l  al low us t o  approach t h e  s o l u t i o n  of  t h i s  

problem. Comparison o f  t h e  graphs on Figure 78 can l e a d  us  t o  t h e  conclusion 
t h a t  t h e  work of  A. A. Leonov i n  .the TPC was cha rac t e r i zed  p r imar i ly  by a 
smooth emotional background, while  t h e  inc rease  i n  t h e  number of h e a r t  
cont rac t ions  was caused by phys ica l  loading.  In a c t u a l  f l i g h t ,  t h e  emotional 
s t r e s s  predominates, i nd ica t ed  by t h e  behavior  of f 

c ,k  
and aga ins t  t he  

background of comparatively low phys ica l  e f f o r t .  
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APPENDICES 

Appendix 1 

Calculation o f  the expressions 

r-

A (7') --7; I - 1' 7 '  
(A.l.1) 

( A . 1 . 2 )  

We assume tha t  

2 29 




t h e n  

Consequently 

O n  t h e  b a s i s  of t h e  L’Hopital  ru l e  

(A.1.3) 
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P 
[C, -+In  (AoUT)- Ci (AollT)]. (A.1.4) /212 

L 


Considering (A.1.2), (A.1.3) and (A.1.4), we can write (A.l.1) in the 

form 


AU(I') = 

A a.,T 

- Ci (AoUT)]  

( A .  1.6) 

Appendix 2 

Calculation of the integral 

(A.2.1) 


A = 7 (T -T) r i , o  (T) dt1''T 
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- - 

and the  r e l a t e d  expressions 

A? TA A rA 
T - 4 COS- 2 - -sin- 22 , A = = A a .

U' 

A' TA A TA 

3. R,, (TI ---r?-sin 2 2t-ij- COST 
TA + 2sin- 2 '4 

~ 

A 
T37 

(A. 2.2) 
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Assuming ~ h / 2= x, w e  can write t h e  last  equation as follows: /214 

(A. 2.3) 

(A. 2 .3 ' )  

On t h e  b a s i s  o f  (A.2.2), w e  have [.see (A.2.3)] 

(A.2.4) 

The expression (A.2.1) can be w r i t t e n  i n  t h e  form 

(A. 2.5) 

where the  integrands are determined by t h e  equations (A.2.3) and (A.2.3'). 
The i n t e g r a l s  (A.2.5), consider ing t h e  r e l a t i o n s h i p  

A [ 3 ,  

(A.2.6) 

233 


.. . .... .. . . ..... . ..... ... 



are reduced t o  t a b u l a r  i n t e g r a l s  (Dvayt, 1948) with subsequent l i m i t  t r a n s f e r  
a s m - t O  

(A.2.7) /215 

The first term of t h i s  sum is  ca l cu la t ed  s i m i l a r l y  t o  (A.1.3) 

Representing t h e  r e s u l t  o f  i n t e g r a t i o n  wi th in  t h e  l i m i t s  m,M of t h e  f i rs t  
term of expression (A.2.7) as Bl(A, T)  and keeping i n  mind (A.2.6), w e  produce 
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' i  u (A.2.8) 

Group ng t h e  terms and perform ng c e r t a i n  con t r ac t ions ,  w e  r ep resen t  
(A.2.7) i n  t h e  form 

(A. 2.9) 

Assuming f u r t h e r  t h e  va lue  of t h e  i n t e g r a l  f o r  t h e  upper l i m i t  M equal t o  /216 
$(M) + B ( A ,  T ) ,  w e  w r i t e  
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Similarly, by successive application of  the L'Hopital rule, we f i n d  

Consequently [see ( A . 2 . 9 ) ] ,  
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Since 

assuming M + m and not ing  t h a t  Si(..) = ~ / 2 ,w e  produce [see (A.2.5)] 

(A.2.11) 

I f  t h e  i n e q u a l i t y  Am2 i s  f u l f i l l e d ,  then (A.2.11) can be represented
i n  t h e  form Y 

(A.2.12) 

On t h e  b a s i s  o f  (A.2.4), (A.2.7) and (A.2.8), w e  have [ see  a l s o  
(4.3.83") ] 

where 
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Performing cont rac t ions  and grouping terms, we produce 

/218  

Consequent l y  , 
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In the case of u2 3- A 2 ,  equation (A.2.13) is  represented i n  the form 
C 

(A.2.14) 

Let us now calculate  t h e  second in tegra l  i n  the expression (A.2.5): 

(A. 2.15) 

where /219 
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Let us i n t e g r a t e  t h e  remaining terms o f  t h e  sum (A.2.15):  

Grouping terms and performing cont rac t ions ,  w e  produce 

A T  

The l i m i t  is ca l cu la t ed  by using t h e  L'Hopital r u l e  
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I 


Adding (A.2.16), (A.2.17) and (A.2.18), we f i n d  t h e  r e s u l t i n g  expression 
f o r  (A.2.15) (M = AT/2; m = 0): 



(A. 2.20) / 2 2 1  

With narrow band processes  w 
C 

9 A ,  expression (A.2.20) i s  somewhat 
s impl i f i ed .  Noting t h a t  

we group c o e f f i c i e n t s  with cos AT, s i n  AT, Si(AT) : 

(A. 2.21) 

(A. 2.22) 
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- - -  

(A.  2 . 2 3 )  

The free term /222 

and t h e  l a s t  term o f  sum (A.2.20) 

111 \I' Ci (.\?') - i - / ' , , I .  
(A.2.25)  

Summing (A .  2.21)  - (A. 2 . 2 5 ) ,  w e  write t h e  i n t e g r a l  (A. 2 .25 )  f o r  na r row band 
p r o c e s s e s  i n  t h e  form 

(A.2.26) 

Where AT S 1, expression (A.2.26) leads t o  (A.2.12) (see Yanke, Emde, 1949): 
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Ignoring a l l  terms i n  (A.2.26) (AT 3 l ) ,  except  f o r  t h e  i n t e g r a l  s i n e ,  w e  f i n d  

Appendix 3 

An es t imate  of  t h e  r e l a t i v e  e r r o r s  i n  c a l c u l a t i o n  o f  t h e  mathematical /223 
nexpec ta t ion  6 [nT(0)]  and d i s p e r s i o n  6(02) i n  expansion of func t ion  n,(O) i n t o  

a Taylor ser ies  with r e t e n t i o n  o f  t h e  f i r s t  t h r e e  terms (accuracy o f  l i n e a r 
i z a t i o n  method). On t h e  b a s i s  of (4 .3 .98) ,  (4 .3 .100) ,  (4 .3 .101) ,  (4 .3 .104) ,  
(4 .3 .105) ,  we have 

1-~ 
1

T. / 1 7 .  ( 1 1 )  - . (p) ;-

2. 6 ( ( ~ j ]2 

(A. 3.1) 

(A. 3 . 2 )  
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(A.3.3) 

where /224 

Let us  c a l c u l a t e  t h e  component sums of (A.3.3). S u b s t i t u t i n g  i n t o  t h e  
c o e f f i c i e n t s  with B t h e  mathematical expec ta t ions  o f  v a r i a b l e s  u ,  ui and u.  u 

l j  
no t ing  t h a t  

we produce [ see  (4.3.83), (4.3.89), (4.3.93), (4 .3.94) ,  (4 .3 .97) ]  
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YIgnoring t h e  terms Aa4/180 a: for narrow band processes  and assuming 

w e  rewrite t h e  las t  equat ion i n  t h e  form 

where 

1 

(A.3.4) /225 


Ihe  poss ib l e  combinations of i nd ices  i n  t h e  quadruple sum (A.3.2) can be 
e a s i l y  determined from t h e  t a b l e  of Figure 79, where t h e  v e r t i c a l s  and 
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h o r i z o n t a l s  c a r r y  t h e  combinations o f  i nd ices  o f  t h e  double sum [see (A.3.3)]. 
On t h e  b a s i s  of  t h e  r e l a t i o n s h i p  

and ana lys i s  o f  t h e  t a b l e ,  w e  see t h a t  i n  our  case t h e  terms with numbers 
( 2 ,  3, 5, 9 ) - (4 ,  13)-(6,  7, 10, 11)-(8.12, 14, 15) are equal .  The c a l c u l a t i o n  
is  performed by rows, l e f t  t o  r i g h t .  Consequently, represent ing  t h e  quadru
p l e  sum i n  (A.3.2) as B(u, u l ) ,  w e  produce s i x  groups of  terms, inc luding  

terms with numbers 1 and 16: 
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Figure 79 

Let us  c a l c u l a t e  t h e  elements of sum ( A . 3 . 5 ) .  We introduce t h e  symbol 

the re fo re  

The p a r t i a l  de r iva t ives  of funct ion n,(O) were ca lcu la ted  e a r l i e r .  Sub- / 2 2 7  

s t i t u t i n g  t h e  mathematical expectat ions of v a r i a b l e s  u ,  u1 i n t o  the  f i n a l  
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resu l t s ,  w e  produce [ see  ( A . 3 . 5 ) ]  
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Consequent l y  , 

From equat ion (4.3.108),  we f i n d  

from which fol lows 
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- - 
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-

Assuming f o r  t h e  narrow band processes  

w e  can r ewr i t e  t h e  expression f o r  determinat ion o f  t h e  r e l a t i v e  e r r o r  i n  
c a l c u l a t i o n  of t h e  d i spe r s ion  n,(O) i n  t h e  form 

:t I 3. . . . . . . . . . . . . .  

(A. 3 . 6 )  

If w e  cons ider  f u r t h e r  
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equation (A.3.6) can be represented as  follows: 

(A. 3 . 7 )  

Appendix 4 

/230
Calculation of t h e  sum of terms for .var ious  combinations of indices i n  -
the  expression 

Let us analyze the  products of t he  cosines of t he  general term H of  the 
integrand quadruple sum [see (A.4.1)] 

The sum of products of cosines produced consis ts  of  four  components. We 
can represent them i n  order H 1’ H2, Hg and H4 and, determining the  product of 

the cosines from known trigonometric formulas, represent it i n  the  form 
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(A.4.2b) 

[A. 4 . 2 ~ )  

(A.4.2d) 

L e t  us  t u r n  t o  expression (A.4.1). The i n t e g r a l  -of  t he  form 

(A. 4.3) 

d i f f e r s  from zero only i n  t h e  case I m l  = In1 , where n and m a r e  in t ege r s ,  
p o s i t i v e  o r  negat ive.  Consequently, considering the  i n e q u a l i t i e s  

we w i l l  be i n t e r e s t e d  i n  the  following combinations of ind ices  a ,  b ,  c ,  d i n  
terms H1, H2 ,  H3, H4: 

I,’ ] 

(A.4.4) 

A s  a r e s u l t  of  averaging H1, H2, Hg, H4 over per iod To [see (A.4.3)], various 

combinations o f  ind ices  produce var ious  components K, L ,  M, P, R, S, V. 

Term H1: 

a )  combination of i nd ices  
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- ( / I  L) L: - - (c -- d ) ;  ( n  [,) __ (1 (A. 4 .  Sa)-1 
S. li ?= 76cos [(c d )  (,) ,1~ - (c1 u  crI ,  (Pc4-(i;Jl; 

b) combination o f  i nd ices  

Term H2: 

a )  combination of i nd ices  (a  - b)  = ( c  + d) 

(A. 4.5b) 

Term H3: 

a) combination of ind ices  (a  + b) = (c  - d) 

(A. 4 . 5 ~ )  

b) combination of  i nd ices  (a + b) = - ( c  - d) ;  

Term H4: 
combination of  i nd ices :  (a + b)  = (c + d) 

Let us now f ind  t h e  t o t a l  number Y of terms of  type K and L .  Figure 80 A 
shows t h e  quadra t ic  matr ix  I16abll, t h e  elements o f  which a re  t h e  poss ib l e  

var ie t ies  o f  ind ices  a and b :  /232  
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15. 6ab = a - b .  

I t  is  not  d i f f i c u l t  t o  see- t h a t  elements of  t h i s  matr ix  are loca ted  symmetric
a l l y  i n  r e l a t i o n  t o  t h e  main diagonal  (6ab = 0; a = b ) ,  equal i n  magnitude and 

opposi te  i n  s ign:  

(A. 4.6) 

Any two diagonals,  symmetrical t o  t h e  main diagonal ,  cons i s t  of terins 
i d e n t i c a l  i n  absolu te  value,  and are charac te r ized  by t h e  equation 

while t h e  t o t a l  number of elements Wab i n  each i s  determined by t h e  r e l a t i o n 
sh ip  

Analyzing t h e  quadruple sum [see (A.4.1)] f o r  a c e r t a i n  f ixed  va lue  o f  t h e  
d i f f e rence  of ind ices  

w e  no te  t h a t  it i s  necessary t o  make a s e l e c t i o n  of  each element of t he  
diagonal row of t h e  matr ix  I16abII (or 116cdll) with a l l  elements of t h e  cor re

sponding diagonal of t h e  mat r ix  II 6cdll (or II 6abll) ; consequently, i n  t h i s  case 

t h e  number Yk o f  terms of type  k i n  expression (A.4.1) i s  equal t o  

Determining t h e  s ign  of t h e  modulus and consider ing t h e  equation 6 ab = -6ba, 

we produce 

(A.4.7) 
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In  t h e  case 6ab = 6cd = 0 and a - b = c - d = 0, t h e  r e s u l t i n g  number o f  terms 

‘ab i s  determined by t h e  formula 

33. Y,, == I V ,  ISnb -=0, (A. 4.8) 

where f o r  t he  s i t u a t i o n  6ab = 6cd = 0 and a = b = c = d,  t h e  following equa

t i o n  i s  co r rec t :  

I t  i s  obvious t h a t  t h e  sum Y L of components o f  type L r e s u l t i n g  from combin

a t i o n s  6cd = -tiab and Sab - -6cd with a c e r t a i n  f ixed value o f  t he  d i f fe rence-


of ind ices  i w i l l  be  equal t o  

on t h e  s t r eng th  of symmetry of  matr ices  116 1 1 ;  116 11 r e l a t i v e  t o  the  mainab cd 
diagonals.  

Considering t h e  above, we wr i t e  with the  j - t h  value of t h e  d i f fe rence  of  
ind ices  6ab t h e  formula f o r  t h e  number of terms Y .  of  expression (A.4.1),

3 

which a r e  determined by fou r  groups of  combinations o f  ind ices  (A.4.4), i n  t h e  
form 

Subs t i t u t ing  formulas (A.4.7), (A.4.8), (A.4.10) i n t o  (A.4.11), and keeping i n  /233 
mind (A.4.6), we produce f o r  poss ib l e  s e l e c t i o n s  of  values 6ab an equation 

determining the  t o t a l  sum Y of components of  type  K and L: 

Performing add i t ion  and using the  r e l a t ionsh ips  below (Bronshteyn, Semen
dyayev, 1945) 
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(A. 4.12) 

we f i n a l l y  wr i t e  

(A. 4.13) 

-1-. 

2x4 2K--3  
. .-. 

2u-3 2 5 - 2  
. 

').,. , \ - 2  2 N - II
._

1 N - I  2N 
. . i 

Similar  discussions can be presented f o r  ca l cu la t ion  o f  t he  t o t a l  number 
x of  terms of  type V [see ( A . 4 . 5 ) ] .  Figure 80,B shows a quadrat ic  matr ix  

I' 'ab 1 1 ,  t h e  elements of which are t h e  poss ib le  sums of  ind ices  a and b :  

30. Tab = n 4.b, 

where 
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A l l  diagonals of t h e  mat r ix  p a r a l l e l  t o  diagonals  def ined  by t h e  equation 

contain equal elements yab = const ,  while t h e  t o t a l  number of terms W 1ab i n  

each of  t h e s e  i s  equal t o  

(A. 4.15) 

I t  follows from t h e  l as t  expression t h a t  t h e  sum Xab o f  components of type V 

[see (A.4.1), ,(A.4.5)] f o r  a c e r t a i n  value of  combinations of ind ices  

'ab = const (a + b = c + d)  can be  determined usng t h e  formula 

34. s
ub --:: (.U -I &V.+ 1-"(ab 1)'. (A.4.16) 

Determining i n  (A.4.16) t h e  s ign  of t h e  modulus 

and considering 

we produce, keeping i n  mind t h e  symmetry o f  t h e  number o f  diagonals  and t h e  
number of elements i n  them r e l a t i v e  t o  di-agonal yab = N + 1, an equation f o r  

t h e  t o t a l  number X of terms of  type  V, corresponding t o  poss ib l e  combinations 
of  t h e  ind ices  a + b = c + d i n  t h e  expression (A.4.1) [see (A.4.12)] 

(A. 4.17) 

We note  t h a t  i n  t h e  case a + b = c + d and a = b = c = d, t h e  r e s u l t i n g  number 
of terms X '  f o r  var ious  combinations of  i nd ices  i s  equal t o  N:  
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33. X' == N. (A. 4.18) 

The sum Z o f  components o f  type  M and P [see (A.4.5b)l with combinations o f  
ind ices  

is  determined on t h e  b a s i s  of combined a n a l y s i s  of mat r ices  I16abll and IlY cd 11 

where 

(A.4.20) 

From t h e  l a t t e r  i n e q u a l i t i e s ,  when condi t ion  (A.4.19) i s  f u l f i l l e d ,  i t  fol lows 
t h a t  

The sum Zab, c o n s i s t i n g  o f  t h e  sum ZM o f  terms of type  M and t h e  sum Zp o f  

terms o f  type  P ,  

corresponding t o  a c e r t a i n  f i x e d  combination o f  i nd ices  /235 

on t h e  s t r e n g t h  of symmetry of  matrices I16abll cons ider ing  t h e  sign of  t h e  

modulus i n  (A.4.21), i s  determined by t h e  equat ion  

The t o t a l  number Z o f  components o f  t ype  M and P i n  expression (A.4.1), 
corresponding t o  poss ib l e  va lues  o f  t h e  combinations of  i n d i c e s  
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can be found from the relationship 


which, considering (A.4.12), gives us 


The sum of terms of type R and S with various combinations of indices 

[see (A.4.5c)l is determined similarly. 
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